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Social interactions with conspecifics are a key element of an individual’s environment. Each individual 
differs in who and how frequently they interact with, resulting in unique social environments. These 
differences in sociality can have important consequences for an individual’s reproduction. However, 
we still know relatively little about the link between the social environment and variation in mating 
behaviour.    
Here, we investigate extra-pair matings – a common alternative mating behaviour in socially 
monogamous bird species. Extra-pair matings refer to sexual behaviour outside the social pair bond 
and can lead to extra-pair paternity. The patterns of extra-pair paternity can vary extensively among 
individuals and has been the focus of several studies in the past decades. Yet, our understanding of 
why extra-pair paternity varies among individuals remains limited. In this work, we aim to link 
variation in extra-pair paternity with characteristics of the social environment before (Chapter 1, 2) 
and during breeding (Chapter 3, 4), in a passerine model species, the blue tit (Cyanistes caeruleus).  
More specifically, we quantify the social environment of each individual during the non-breeding 
season by monitoring their foraging associations at bird feeders, using PIT-tag technology and social 
network analysis. We explore three different perspectives of the social environment (i.e., the dyadic 
relationships, the direct and indirect social environment) and relate this to patterns of extra-pair 
paternity in the subsequent breeding season (Chapter 1, 2). First, we examine whether the social 
relationship strength between females and males predicts their likelihood to become extra-pair 
partners (Chapter 1). Second, we quantify whether aspects of an individual’s direct and indirect 
social environment influence its future paring success (Chapter 2).   
Next, we examine the direct social environment of individuals during breeding, using a long-term 
dataset of more than ten breeding seasons. Here, we quantify the social environment based on the 
spatial proximity of breeding pairs, whereby we define all direct breeding neighbours as an 
individual’s direct social environment. First, we investigate causes of within-individual variation in 
extra-pair paternity (Chapter 3). Here, we examine whether extra-pair paternity is a repeatable trait 
in females and males. Following, we test whether within-individual changes in extra-pair paternity 
between breeding seasons relate to between-year changes in the direct social breeding environment 
(Chapter 3).  
Lastly, we test a prediction of a proposed framework by Eliassen and Jørgensen (2014). The 




brood towards neighbouring nests in which they may sire extra-pair young. This would imply that 
changes in male behaviour can lead to more “cooperative” breeding environments and thus 
increased fitness of whole nests or neighbourhoods. We test whether having extra-pair young or 
breeding in a neighborhood with a higher prevalence of extra-pair paternity is associated with 
increased breeding success and survival (Chapter 4).  
Our findings reveal that the unique social environment that individuals experience before breeding 
can influence future (extra-pair) mating patterns. First, we show that females and males with 
stronger foraging associations are more likely to become i) social partners, ii) close breeding 
neighbours and iii) extra-pair partners (Chapter 1). Further, we generate new knowledge on the 
dynamics of pair formations by showing that social pairs likely get established earlier than extra-pair 
partners (Chapter 1). Second, we find that characteristics of the direct and indirect social 
environment influence male mating success. Male blue tits that move more often between different 
social groups are more likely to breed in the subsequent breeding season (Chapter 2). Further, 
among those individuals that bred, adult males that associated with more females prior to breeding 
were more likely to sire extra-pair young (Chapter 2).  
We show that extra-pair paternity is to some extent a repeatable trait in females and males. 
Individual-level changes in the direct social breeding environment do not explain changes in extra-
pair paternity in females (Chapter 3). In adult males, do changes into a less competitive environment 
lead to an increased extra-pair siring success (Chapter 3). However, most of the observed within-
individual variation in extra-pair paternity remains unexplained.  
Lastly, we find no evidence that nests containing extra-pair young or nests simply located in breeding 
environments with a higher prevalence of extra-pair paternity have higher breeding success and 
increased male survival (Chapter 4). However, there was some indication that female survival 
increases when they breed in an environment with a higher prevalence of extra-pair paternity 
(Chapter 4).  
In sum, our findings reveal that the social environment that individuals experience prior to breeding 
is an important determinant of future (extra-pair) mating patterns (Chapter 1, 2). We provide 
evidence that extra-pair paternity is, at least to some extent, influenced by both individual-specific 
traits and the social environment (Chapter 1, 2, 3). Although, we speculate that extra-pair paternity 
will remain a trait that is difficult to predict. Finally, we show that having extra-pair young or 
breeding in an environment with a high prevalence of extra-pair paternity is unlikely to increase 































Animal social structure 
Already back in 1878, Alfred Espinas highlighted in his work “Des sociétiés animals” that animal 
societies are not a random collection of individuals but that they emerge from the repeated 
interactions among its members. Each individual interacts differently with its’ conspecifics resulting 
in unique social environments. In the past years, research increasingly showed that animal social 
structure and the unique social environment that each individual experiences are important 
determinants for various ecological and evolutionary processes (Sayigh et al. 1999; Croft et al. 2016; 
Webber and Vander Wal 2019; Cantor et al. 2019).  
The three levels of animal sociality 
In 1976, Robert Hinde published a conceptual framework to analyse the social organization of animal 
societies. Hinde distinguishes three levels of sociality: interactions, relationships and social structure. 
His framework is based on a bottom-up approach whereby interactions between two individuals 
build the fundamental base. Interactions between individuals can be differently attributed (e.g. as 
agonistic, affiliative or sexual interaction) and can differ in space and time. The patterns of 
interactions can depend on the phenotypic traits of its actors such as their age, relatedness or mating 
status. For instance, certain age groups may interact more frequently with each other (i.e. assortative 
interactions). The sum of interactions between two individuals over a certain period of time then 
defines their relationship, the second level of Hinde’s framework. This can for example depict 
dominance relationships or social pair bonds. Finally, the sum of relationships among all members of 
a population defines the third level, the social structure. This framework made a huge contribution to 
the study of animal social structure and is, up to this day, frequently used and expanded by 
researchers.  
Social network analysis  
Hinde’s framework allows to classify animal social structure, but how to correctly quantify and 
analyse the different levels of sociality? The answer was brought by social network analysis. First 
used by sociologists and psychologists (Scott 1988), social network analysis soon became the 
predominant tool for the study of animal sociality. In social networks, individuals can be depicted by 
nodes and the connections between individuals are represented by edges. Each node (i.e. individual) 




can simply refer to the presence or absence of a connection or describe the strength of a social 
relationship between two individuals (e.g. how much time two individuals spent together). Social 
networks can describe different types of relationships (e.g. cooperative, competitive or sexual) and 
usually represent only one type at a time. The sum of all combined connections between individuals 
of a population allows to quantify the overall social structure. Thus, social network analysis is an ideal 
tool to study the different levels of sociality, ranging from characteristics of relationships between 
two individuals to the overall population social structure. Most importantly, the use of social network 
analysis not only allows to display the social life of animals but to test hypothesis (Wey et al. 2008; 
Croft et al. 2011; Croft et al. 2016; Webber and Vander Wal 2019). This ability has led to a major 
increase in research over the last two decades (Webber and Vander Wal 2019), linking characteristics 
of the social structure with various ecological and evolutionary processes. For instance, the social 
structure has been repeatedly shown to influence the transmission of disease (Hamede et al. 2009; 
Silk et al. 2017) and information (Aplin et al. 2012; Farine et al. 2015; Firth et al. 2016), cooperation 
(Voelkl and Kasper 2009; Carter et al. 2020), competition (Araújo et al. 2008; Farine and Sheldon 
2015), dispersal (Blumstein et al. 2009; Cozzi et al. 2018) and mating (Oh and Badyaev 2010; Psorakis 
et al. 2012; Fisher et al. 2016; Firth et al. 2018; Sabol et al. 2020), ultimately shaping individual fitness 
(Formica et al. 2012; Alberts 2019; Sabol et al. 2020) and selection acting on phenotypic traits (Oh 
and Badyaev 2010; Formica et al. 2011; Farine and Sheldon 2015).   
 
Mating systems 
Mating systems are influenced by two main factors, the spatiotemporal distribution of males and 
females, and the extent to which each sex invests in parental care (Emlen and Oring 1977). 
Depending on the number and identity of reproductive partners, mating systems are classified into 
monogamy, polygyny, polyandry, promiscuity and polygamy (Emlen and Oring 1977). Species are 
usually assigned to one typical mating system. However, mating systems are by far not static and can 
vary within species.  
Social structure and mating systems 
Variation in mating behaviour can be caused by several factors, whereby the social environment 
plays a key role in shaping mating systems. The social environment of an individual captures 
important features influencing mating behaviour including the number and phenotypic composition 
of potential mating partners and competitors and their rates of interactions, ultimately affecting 




and Badyaev 2010; Formica et al. 2012; Grant and Grant 2019; Heinsohn et al. 2019; Niemelä et al. 
2019). The relationship between an individual’s social environment and mating behaviour can be 
investigated from three different perspectives: the dyadic relationship, the direct social environment 
and the indirect social environment (Figure 1, Maldonado‐Chaparro et al. 2018).  
The dyadic relationship: A female-male pair (i.e. dyad) builds the fundamental base of a mating 
system. Speaking in social network terms, the presence of a connection between a female and a 
male can indicate that they copulated or that they formed a breeding pair. A pair can also be 
characterised based on their propensity to interact or associate with each other across a variety of 
other contexts (e.g. courtship, foraging, allo-preening etc.). The amount of time that a pair spent 
together in any of these contexts can define the strength of their social relationship (see second level 
in Hinde’s framework) and can be a predictor of future mating outcomes. For instance, in many 
species, females and males form social relationships already long before the breeding season and the 
strength of these relationships has been shown to predict the formation of breeding pairs (Psorakis 
et al. 2012; Teitelbaum et al. 2017; Firth et al. 2018) and the spatial proximity during breeding (Firth 
and Sheldon 2016).  
Direct environment: A focal individual’s direct social connections to females and males defines its 
direct (local) social environment (see red nodes in Figure 1). The direct connections capture the local 
density of association partners and thus the availability of mates and the magnitude of competition 
(Formica et al. 2012; Niemelä et al. 2019; Sabol et al. 2020). Individuals with more social connections, 
particularly to the opposite-sex, may be more likely to mate than individuals with less connections or 
than individuals located in same-sex biased environments where competition is high. The direct 
connections also depict the phenotypic environment a focal individual is embedded in. A focal 
individual’s phenotypic fit to the direct environment can predict the experienced selection pressure 
(West-Eberhard 1979; Moore et al. 1997) and ultimately it’s mating tactics (Jirotkul 2000) and its 
success in copulations (Formica et al. 2011; Wey et al. 2015; Ziv et al. 2016), pairing (Oh and Badyaev 
2010) or territory acquisition (Farine and Sheldon 2015).  
Indirect environment: A focal individual is also indirectly connected to the association partners of its’ 
direct connections (“friends of its’ friends” (Brent 2015), see blue nodes in Figure 1). Continuatively, 
an individual can be indirectly connected to everybody else in the population. Here, social network 
measures of an individual’s centrality within a group can depict the extent of indirect connections 
and have been shown to influence an individual’s success in pairing (Oh and Badyaev 2010) or 
reproduction (McDonald 2007). In species where females mate multiply, a male’s reproductive 




potential mates influencing pre- and post-copulatory competition (McDonald and Pizzari 2016; 
McDonald and Pizzari 2018). Further, a focal individual’s mating behaviour may depend on the 
mating behaviour of the associates of its direct connections. For instance, in water striders (Aquarius 
remigis) the presence of hyper-aggressive males changed the mating behaviour of all other 
individuals present in a pond (Sih et al. 2014; Wey et al. 2015). Thus, mating behaviours could spread 
through a population leading to changes in the overall expressed mating system.    
Taken together, research increasingly shows that the unique social environment is linked with 
variation in mating behaviour. However, there is many more aspects of mating behaviour that 
remain to be explored in relation to social factors.  
 
 Figure 1. Three different perspectives of 
an individual’s social environment 
represented in a simplified network. The 
focal individual is represented as yellow 
node. All connections to conspecifics are 
indicated as black edges and the size 
represents the strength of this connection 
(i.e. strength of the social relationship). 
Individuals directly connected to the focal 
individual are shown in red, individuals 
indirectly connected in blue. The grey 
circles represent in each of the three 
levels the aspect of interest, i.e. A: the 
dyadic relationship, B: the direct social 
environment and C: the indirect social 
environment.   
 
Avian mating systems  
Social monogamy is the predominant mating system in birds (more than 95% of species; Lack 1968, 
Bennett and Owens 2002). Birds form pair bonds that last at least for one breeding season and the 
pair cooperates in raising their brood together. However, when genetic tools became available to 
study the parentage of birds (Burke and Bruford 1987) it soon became evident that most socially 




sexual behaviour outside of their pair bond, potentially leading to extra-pair paternity (Griffith et al. 
2002; Brouwer and Griffith 2019). The frequency of extra-pair paternity varies notably between 
species, populations and even among individuals of the same population (Petrie and Kempenaers 
1998; Griffith et al. 2002; Westneat and Stewart 2003; Brouwer and Griffith 2019). Since decades 
researchers are trying to find explanations for the observed variation in extra-pair paternity. But 
despite extensive effort, it remains puzzling why some individuals have extra-pair paternity while 
others do not.   
Social structure and extra-pair paternity 
Variation in extra-pair paternity has often been linked to differences in individual phenotypes. For 
instance, the tendency to engage in extra-pair behaviour may be genetically determined 
(Whittingham et al. 2006; Forstmeier 2007) or related to phenotypic traits such as age (Cleasby and 
Nakagawa 2012; Michálková et al. 2019), sperm quantity and quality (Moller and Briskie 1995; Knief 
et al. 2017; Girndt et al. 2019) and female body condition (Plaza et al. 2019). Next to individual 
differences, ecological factors have been proposed to influence variation in extra-pair paternity, with 
breeding synchrony (i.e. the overlap of the fertile period of females within a certain area in a given 
season) and breeding density (i.e. the number of individuals in a breeding area) as the most common 
ones examined (Dunn et al. 1994; Kempenaers 1997; Griffith et al. 1999; Chuang et al. 1999; Thusius 
et al. 2001; Schlicht et al. 2015a; Araya-Ajoy et al. 2015).  
Factors such as the breeding synchrony and density already hint at the importance of the social 
environment when investigating variation in extra-pair paternity. Extra-pair paternity is inherently a 
social process resulting from the interactions between the traits of at least four individuals: the focal 
female or male, the focal individual’s social partner, the extra-pair partner and its social partner 
(Westneat and Stewart 2003; Maldonado‐Chaparro et al. 2018). Thus, variation in the social 
environment likely influences variation in extra-pair paternity (Maldonado‐Chaparro et al. 2018). But, 
most studies that examined the breeding social structure took population averages (but see: Schlicht 
et al. 2015a), neglecting that each individual experiences a unique social environment. In addition, 
most research on extra-pair paternity only focused on the breeding environment (Dunn et al. 1994; 
Komdeur 2001; Thusius et al. 2001; Schlicht et al. 2015a). However in several species, individuals 
already associate with each other long before the actual reproduction. Thus, the unique social 
environment experienced prior and during breeding may both impact the future expression of extra-
pair paternity.   
In the presented work, we will explore the link between the individual-specific social environment 





Blue tits are small, short-lived passerine birds and are a model species in behavioural ecology (Perrins 
1979; Föger and Pegoraro 2004). During the breeding season (late March–June) blue tits form 
socially monogamous pairs and defend a territory against intruders. During winter (October–mid 
March), blue tits forage in large mixed-species flocks. For breeding, blue tits accept nest boxes in 
which they usually raise one brood, except for replacement clutches. Blue tits frequently engage in 
extra-pair matings and their broods show intermediate rates of extra-pair paternity (approx. half of 
the broods contain at least one extra-pair young, with 10–15% of young in a brood being extra-pair 
young, e.g. Kempenaers et al. 1992; Delhey et al. 2003). Since many years, research examined the 
variation of extra-pair paternity in blue tits showing that for instance adult and larger males, and 
close breeding neighbours are more likely to have extra-pair young (Schlicht et al. 2015b; Schlicht et 
al. 2015a). The relatively high rates of extra-pair paternity, the existence of previous research and the 
variation in their social structure during breeding and non-breeding make blue tits an ideal study 
species to explore the link between social environment and extra-pair paternity.  
Here, we use data from a blue tit population located in southern Germany (“Westerholz”, 
48°08′26’’N 10°53′29’’E, ca. 40ha) whose breeding biology has been studied since 2007–present. The 
study area contains 277 nest boxes since 2007 and 20 bird feeders that were set up in the winter 
2017/18 (October–mid March). The nest boxes (approx. 40m apart) and feeders (approx. 200m 
apart) are arranged in an even grid across the whole study site (Figure 2A) and are all equipped with 
radio-frequency identification (RFID) antennas (Loës et al. 2019a; Loës et al. 2019b). During each 
breeding season, nest boxes were checked at least once per week (from mid March onwards) to 
monitor nest-building activity and to determine laying onset (date of first egg), clutch size and the 
dates of hatching and fledging (Figure 2B).    
Blue tits were caught either in spring as nestlings, or as adults during the provisioning phase of their 
young or in winter while sleeping inside a box or with mist-nets. From every blue tit, we took some 
standard measurements (e.g. tarsus length), took a small blood sample (ca. 10µl) for the paternity 
analysis and molecular sexing, and equipped each bird with a passive integrated transponder (PIT 
tag) that was implanted under the skin on the back (Figure 2C). Whenever a bird with a PIT-tag 
comes close to an RFID antenna (approx. 3cm), the tag gets activated and transmits a unique 
alphanumeric code. Together, with the information on the date, time and feeder/nest box identity 
this gets logged on a SD card. These data allowed us to examine the social environment during 




and the social environment prior to breeding by quantifying who associated with whom during 
foraging at bird feeders or when inspecting nest boxes together.  
 
Figure 2. The study system. A: Left: 
Location of the study site in 
southern Germany (black cross). 
Middle: Map of the study site 
showing the location of the 277 nest 
boxes (as black dots) and 20 bird 
feeders (as blue diamonds). Right: 
Photo of a nest box and a feeder. B: 
Different nest stages, from eggs 
(left) until first hatchlings (middle) 
and finally fledglings (right). C: Bird 
processing: Taking a blood sample 
from the brachial vein (left), blood 
sample (middle) and a bird with an 
implanted transponder on its back 
(right, indicated by a white circle).  
 
 
Aim of the thesis and chapter summary  
The aim of this thesis is to improve our understanding of the variation in extra-pair paternity by 
generating novel insights into how the individual-specific social environment and the expression of 
extra-pair paternity are linked. We investigate the social environment prior and during breeding and 
explore it from three different perspectives (Figure 1). We examine the dyadic relationships between 
females and males formed prior to breeding and whether these can predict future extra-pair mating 
patterns (Chapter 1). Next, we explore an individual’s direct and indirect social environment prior to 
breeding and whether this influences its future pairing success (Chapter 2). In addition, we quantify 
the direct social environment during breeding and examine whether within-individual variation in 
extra-pair paternity can be explained by changes in the individual’s social breeding environment 
(Chapter 3). Finally, we explore whether the occurrence of extra-pair paternity has fitness 




Social relationships established before breeding have been shown to translate into primary mating 
decisions, whereby stronger associated female-male pairs were more likely to become breeding 
partners (Psorakis et al. 2012; Teitelbaum et al. 2017; Firth et al. 2018). The strength of social 
relationships may also determine secondary mating decisions such as extra-pair matings. In Chapter 
1, we quantify the relationship strength of birds by examining their foraging associations at bird 
feeders during winter (i.e. who forages with whom in the same flock and how often). Using social 
network analysis, we then ask whether female-male dyads with stronger relationships (i.e. that spent 
more time foraging together) are more likely to become i) social partners, ii) close breeding 
neighbours and iii) extra-pair partners. In addition, we explore and compare the temporal dynamics 
of social pair and extra-pair formations over the course of winter.  
An individual’s position within a social group–that is it’s direct and indirect social connections–have 
been shown to influence reproduction in many species (Oh and Badyaev 2010; Formica et al. 2011; 
Wey et al. 2015; Ziv et al. 2016; Sabol et al. 2020). However, most studies examined polygynandrous 
mating systems and studies linking an individual’s social position with pairing success in socially 
monogamous species are rare (but see Oh and Badyaev 2010). In Chapter 2, we quantify the direct 
and indirect social environment of female and male blue tits prior to breeding based on their 
foraging associations at bird feeders. We then calculate different social network metrics that 
represent an individual’s social position within a group (i.e., its number of connections to potential 
mating partners and competitors, its average association strength to potential mates and its 
centrality) and examine whether these predict the likelihood to i) acquire a breeding partner and ii) 
have extra-pair young.  
Extra-pair paternity has often been linked to aspects of the current breeding environment. However, 
studies usually took population averages, neglecting that each individual experiences a unique 
(social) environment. Further, past studies mostly focused on variation in extra-pair paternity among 
individuals instead of examining within-individual variation. For our understanding of the causes of 
the observed variation in extra-pair paternity it is crucial to disentangle individual from 
environmental effects. In Chapter 3, we aim to fill this gap by investigating the within-individual 
variation of extra-pair paternity in female and male blue tits. Using a long-term dataset on more than 
ten breeding seasons, we first examine whether extra-pair paternity is a consistent individual-specific 
trait. Second, we explore whether within-individual variation can be explained by changes in the 
individual breeding environment. We specifically focus on the social compounds of the direct 
breeding environment, capturing the number and phenotypic composition of potential mates and 
competitors, and the familiarity to those. Here, we define the direct social environment as the direct 




includes all breeding neighbours that share a territory boundary with the focal individual and is not 
based on direct social associations (such as in Chapter 1 and 2).  
Lastly, we explore in Chapter 4 whether the occurrence of extra-pair paternity can influence brood 
success and adult survival. A proposed framework by Eliassen and Jørgensen (2014) suggested that 
extra-pair copulations may incentivize males (through paternity uncertainty) to extend focus from 
their own nest towards the entire breeding neighbourhood. For instance, extra-pair males may 
become less aggressive towards the female neighbour they mated with (Gray 1997a), or may even 
provide additional parental care or help with predator mobbing (Kempenaers 1993; Gray 1997b; 
Townsend et al. 2010). In such a scenario, extra-pair males may become more cooperative, 
potentially leading to “nicer” breeding neighbourhoods in which not only nests with extra-pair young 
but also nests simply located in such a neighbourhood should have fitness benefits. Here, we 
investigate whether nests containing extra-pair young or being located in a neighbourhood with a 
high prevalence of extra-pair paternity indeed have higher fitness (i.e. increased breeding success 
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Despite decades of research, our understanding of the underlying causes of
within-population variation in patterns of extra-pair paternity (EPP) remains
limited. Previous studies have shown that extra-pair mating decisions are
linked to both individual traits and ecological factors. Here, we examine
whether social associations among individuals prior to breeding also
shape mating patterns, specifically the occurrence of EPP, in a small song-
bird , the blue tit. We test whether associations during the non-breeding
period predict (1) future social pairs, (2) breeding proximity (i.e. the distance
between breeding individuals) and (3) the likelihood that individuals have
extra-pair young together. Individuals that were more strongly associated
(those that foraged more often together) during winter tended to nest
closer together. This, by itself, predicts EPP patterns, because most extra-
pair sires are close neighbours. However, even after controlling for spatial
effects, female–male dyads with stronger social associations prior to breed-
ing were more likely to have extra-pair young. Our findings reveal a
carry-over from social associations into future mating decisions. Quantifying
the long-term social environment of individuals and studying its dynamics
is a promising approach to enhance our understanding of the process of
(extra-)pair formation.
1. Introduction
Determining the factors that underlie variation in mating behaviour is crucial for
our understanding of ecological and evolutionary processes such as sexual selec-
tion [1,2], cooperation [3,4] and population demographics [5,6]. In most socially
monogamous bird species, some individuals engage in sexual behaviour outside
the pair bond resulting in extra-pair paternity (EPP) [7,8]. However, the occur-
rence and frequency of EPP can vary drastically among individuals, even
within the same population [7,9,10]. This variation has previously been linked
to differences in individual traits (e.g. male body size [11]; female body condition
[12]; male age [13]; sperm morphology [14]; male song characteristics [15]; male
plumage [16]; but see [17,18]) or in ecological conditions (e.g. breeding synchrony
[19]; breeding density [20]; but see [21,22]). Yet, despite much research, our ability
to explain or predict patterns of EPP remains limited.
A major source of variation lies in the social environment. Individuals within a
given population do not interact equally with all other members of that popu-
lation, leading to heterogeneity in the number and quality of social associations.
The individual-specific social surrounding should therefore determine important
aspects of mating behaviour, such as mate availability, intra-sexual competi-
tion and mate choice [23–25]. Individuals usually interact with many more
© 2020 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
opposite-sex individuals than expressed in their social pair bond.
Thus, the social environment probably includes potential extra-
pair mates and may provide the substrate for future extra-pair
copulations. For instance, a social surrounding including many
opposite-sex members might favour extra-pair behaviour, and
the frequency of social associations could be informative about
who will mate with whom [23]. However, the effects of the
social environment on patterns of EPP have rarely been investi-
gated, despite potentially being able to give valuable insights
into the expression of extra-pair behaviour [23,26].
A further limitation to our understanding of mating strat-
egies revolves around the importance and timing of social
associations with future (extra-pair) partners, including when
decisions about (extra-pair) mating are made. Research on
EPP has predominately focused on events or circumstances
during the breeding season. For instance, several studies inves-
tigated the link between EPP and (a) local breeding density,
reflecting the potential number of social associates [20,21,27],
(b) the phenotypic composition of the breeding environment
[26,28] or (c) associations of opposite-sex individuals during
the female’s fertile period (e.g. at nest-boxes [29]). However,
for many animals, the breeding season is relatively brief
and conditions can become suitable for breeding with short
notice. By contrast, individuals can interact with others in
different contexts for many months prior to breeding. Previous
studies suggest that social associations among individuals
before the breeding season can translate into the spatial breed-
ing arrangement during spring [30] and potentially predict
mating decisions, including social pair formation [31,32] and
between-season divorce [33,34]. These findings suggest that
social associations prior to breeding may also provide the
opportunity for individuals to identify potential extra-pair
mates or to form bonds with opposite-sex individuals other
than the social mate.
Here, we examine whether social associations prior to the
breeding season influence patterns of social and extra-pair
mating in blue tits (Cyanistes caeruleus). Blue tits typically
form socially monogamous pairs, but frequently engage in
extra-pair mating (about half of the broods contain at least
one extra-pair young and 10–15% of all offspring are sired
by extra-pair males [35,36]). During winter, they forage in
flocks including both conspecifics and heterospecifics [37].
Using PIT-tag technology and social network analyses in
combination with parentage analysis, we quantified the
birds’ social associations during foraging events at local
bird feeders during winter and monitored their breeding
behaviour, including EPP, in the following spring.
We first test whether social associations at bird feeders pre-
dict the formation of future social pairs. Second, we examine
whether winter associations can predict patterns of EPP. As
extra-pair young are usually sired by close neighbours [21],
we also test whether social associations at bird feeders during
winter predict the observed spatial breeding arrangement—
who nests nearby to who—and then examine whether these
social associations predict patterns of EPP. Together, these ana-
lyses allow us to quantify the likelihood that a female–male
dyad will have extra-pair young together while controlling for
the two key factors known to influence EPP in blue tits (male
age and breeding distance [21]). Our analyses include three
variables representing the behaviour during the non-breeding
phase: the arrival date of individuals in the local breeding
area, the social association strength during foraging and
the co-occurrence of individuals at nest-boxes. In blue tits, a
larger difference in arrival date by previous social partners
was associated with an increased likelihood of divorce [34]. In
the context of this study, we predict (a) that a larger difference
in arrival date between two opposite-sex individuals reduces
the opportunity to interact and hence leads to a decreased like-
lihood of having extra-pair young together, and that (b)
individuals with stronger social associations during foraging
and those that (c) visited a nest-box together during winter
will more likely become extra-pair partners. Third , we compare
the association strength between social pairs, extra-pair
partners and close neighbours. We predict that, if mating out-
comes depend on winter social associations, the strength
of those associations might be similar for within- and extra-
pair partners. By contrast, if extra-pair mating is mainly the
result of chance encounters during the fertile period, social
pairs will show stronger winter associations than extra-pair
partners. Finally, we calculate social networks for each month
across the winter to investigate potential temporal patterns of
the effects of the winter associations on the likelihood that a
female–male dyad will become a social pair or extra-pair part-
ners. Here, we predict that associations closer to the start of
breeding are more meaningful in explaining mating patterns
and that social pairs show stronger winter associations earlier
on compared with extra-pair partners.
2. Materials and methods
(a) Study system
We studied a population of blue tits in a mixed-deciduous
oak-dominated forest close to Landsberg am Lech, Germany
(Westerholz, 48°0802600N 10°5302900E, approx. 40 ha). The study
site contains 277 wooden nest-boxes since 2007 and 20 feeders
that were put up in the fall of 2017. From November 2017 until
mid-March 2018, the feeders provided food (crushed peanuts) ad
libitum.
During the 2017 breeding season and the subsequent winter,
we trapped blue tits and fitted them with a PIT-tag (transponder),
which was implanted under the skin on the back, and a metal ring.
We also scored age (yearling versus adult) and took a small
(approx. 10 µl) blood sample for parentage analysis and sexing.
All nest-boxes and feeders were equipped with RFID antennas,
such that each visit of a PIT-tagged blue tit was automatically
recorded [38,39]. For each transponder detection, the bird ’s identity
(unique transponder number), and the date and time were stored
on a SD card. From these data, we then extracted information on
the co-occurrence of individuals at feeders or nest-boxes and
defined the timing of arrival into the study site as the first day an
individual was detected (starting on 1 November 2017) either
based on PIT tag detection or catching (following [34]). The data
relevant for this study were collected between November 2017
and June 2018. For more details on the study system, see [40].
(b) Foraging associations
The detection of PIT-tagged blue tits at feeders created a temporal
data-stream for each location and each day. We used the function
‘gmmevents’ from the R package ‘asnipe’ [41] in R (v. 3.5.1 [42]) to
assign individuals to temporal clusters reflecting flocking events.
This approach uses Gaussian mixture models [32] and generates
social association data from sequential detections [43]. We then
used the co-occurrence data to calculate the simple ratio index
(SRI), defined as: SAB ¼ x=x þ yAB þ yA þ yB [44,45]. Here, SAB
represents the association strength between individual A and B
(i.e. the edge weight in the social network), x is the number of









number of times they were both detected at the same time but not
together, yA is the number of times that A occurred in a flock with-
out B over the time period where both individuals were known to
be in the study site, and yB is the number of times that B occurred
in a flock without A over the period where both individuals were
known to be in the study site. SRI values can range from 0 (two
individuals never associated) to 1 (two individuals were always
associated).
We created a non-directional weighted social network from the
entire winter period including all individuals and ranked all the
associates of a focal individual according to the association index
SRI. For instance, if individual A has the following SRI values
for three associates: SAB = 0, SAC = 0.5, SAD = 1, the corresponding
ranked values would be 1, 2 and 3. We then subtracted 1 from
every ranked value and divided the new ranks by the maximum
value (2 in our example). This resulted in a ‘ranked ’ association
index ranging from 0 (the individual with which the focal individ-
ual associated least) to 1 (the individual with which the focal
individual associated the most). For each same- and mixed-sex
dyad, we then calculated the average of the ranked association
index from individualA to individualB and the ranked association
index from individual B to individual A. From here on, we refer to
this average value as the ‘winter association strength ’.
(c) Spatial overlap during foraging
We calculated the overlap in spatial activity of each dyad based
on the amount of foraging locations that overlapped between the
two individuals, as well as the amount of time they spent at these
locations, following [30]. This resulted in a value from 0 (no over-
lap) to 1 (full overlap). For example, when individual A foraged
90% of the time at feeder 1 and 10% at feeder 2, and individual B
foraged 90% at feeder 2 and 10% at feeder 1, their overlap in
spatial activity would be 0.2 (10% overlap at feeder 1 and 10%
overlap at feeder 2).
(d) Nest-box visits
For each female–male dyad, we quantified co-inspection of nest-
boxes during winter (i.e. before the first signs of nest build ing in
the population, which were on 14 March 2018). To find a meaning-
ful definition for the co-occurrence of two individuals at a
nest-box, we examined the nest-box visits of future social pair
members during winter, because they likely perform nest inspec-
tions together. From all recorded visits and for each day and
nest-box, we extracted the minimum time difference between the
detection of the social female and the detection of her social mate.
The minimum time difference between the nest-box visits of two
future social partners was on average one minute (s.d. = 16 min,
median = 0.02, range: 0–647 min; based on nest-box visits of 101
breeding pairs). Thus, we defined all visits of mixed-sex dyads
that occurred within one minute as ‘inspecting a nest-box together’.
Because the majority of dyads did not visit a nest-box together or
only rarely (599 dyads visited a nest-box together, approx. 0.4%
of all possible mixed-sex dyads), we defined the co-occurrence at
a nest-box as a binary variable (yes/ no).
(e) Spatial breeding arrangement
We examined the spatial breeding arrangement of birds using the
R package ‘expp ’ [46]. The package assigns territories to breeding
pairs using Thiessen polygons. Based on this information, we
determined the neighbourhood order of a focal pair to all breeding
pairs in the study site, whereby first-order neighbours refer to
neighbours sharing a territory border, second-order neighbours
are those that have one territory in between them, and so on (for
further details, see [21,46]). To calculate the neighbourhood
order, we included all breeding birds, regardless of whether they
had been present during winter. We recorded three cases of
social polygyny (a male breeding with two females) during the
2018 breeding season. For these cases, we selected the female
with whom the male settled first as ‘social female’ and assigned
the territory accordingly. Further, we excluded five cases of repla-
cement clutches (where either the same pair or the female or male
bred again with a different partner after failure of the first clutch).
( f ) Paternity analysis
During the 2018 breeding season, we collected blood samples from
all nestlings and breeding adults that had not yet been sampled.
We also collected and genotyped all unhatched eggs (provided
sufficient DNA could be extracted) and all dead nestlings. Overall,
we genotyped 1153 young out of 1238 laid eggs (93%). To assess
parentage of all offspring, we used 8–11 microsatellite markers
with on average 25 alleles per marker and compared the genotypes
of putative parents and all offspring. We then determined how
many extra-pair young each male sired with a given female and
the number of extra-pair partners for both males and females.
For a detailed description of the microsatellite markers and
paternity analysis, see [36,40].
(g) Statistical analyses
For all analyses, we only included data of mixed-sex dyads where
both individuals were present during winter (between November
2017 and mid-March 2018) and later bred in the study site. Pres-
ence in winter was necessary because some of the null models
are based on the behaviour at bird feeders during this period
(see below).
Social networks are based on non-independent observations of
multiple individuals and thus network measures violate the
assumptions underlying most parametric tests [47,48]. We used
null models for hypothesis testing to account for non-independence
of the data and for non-social factors (e.g. spatial preferences) that
may affect the co-occurrence of individuals [47,49]. Specifically,
we applied permutation tests by generating replicated datasets
from the observed data in which the pattern of interest, in our
case the associations among individuals, is randomized [47,49].
We then calculated the same test statistic for 1000 randomly gener-
ated datasets as for the observed data. If the value of the test statistic
from the observed data fell outside the 95% range of values gener-
ated by the permutations, the effect was considered statistically
significant. Details of each null model (i.e. for each hypothesis
test) are given below.
(i) Do winter associations predict future social pairs?
We tested whether the winter association strength predicts whether
a given female–male combination will become a social (breeding)
pair, using a logistic matrix regression [50] with the ‘netlogit’ func-
tion of the R package ‘sna’ [51]. We included as the dependent
variable whether a female–male combination ended up as a
social breeding pair (yes/ no). The only explanatory variable was
the winter association strength of each dyad. We examined the
effect of winter association strength by performing 1000 permu-
tations using a customized null model. We randomized the
winter association strength across all dyads within the same neigh-
bourhood order and randomized the association strength of social
pairs within the first-order neighbours. Thus, we kept the spatial
breeding structure of all individuals, but permuted the winter
association strength among all opposite-sex conspecifics.
Some birds were only equipped with a transponder for part of
the time during the study period. This means that they could have
been part of the study population for an unknown period without
having been detected, which may lead to a wrong representation of
the social associations of these birds with others. Therefore, we
repeated the analyses only including birds that had been equipped









(ii) Do winter associations predict spatial breeding arrangement?
We examined whether winter association strength predicts the
breeding proximity of birds using a linear matrix regression with
the ‘netlm ’ function of the R package ‘sna’ [51] excluding social
pairs from the dataset. We used a model with breeding proximity
(i.e. the neighbourhood order, ranging from 1–5) of a dyad as the
dependent variable and their winter association strength as well
as their overlap in spatial activity during foraging as independent
variables. We scaled all independent variables by dividing
each value by two times the standard deviation to allow direct
comparison of effect sizes among variables [52].
The breeding proximity of two individuals may simply reflect
similar spatial preferences, and not the fact that they associated
with each other (i.e. foraged together). To determine the effect of
winter association strength, we performed 1000 permutations
using a spatially restricted node permutation. We disentangled
spatial and social effects by randomly reassigning the social net-
work position of each individual to another individual that
visited the same feeder before the start of the breeding season
(i.e. the last feeder a bird was recorded at). For example, if individ-
uals A and B were both recorded last at feeder 1, the social network
positions of individualsA and Bwould be swapped. If only the pre-
ference for the same spatial location determines the associations of
A and B with conspecifics, we would expect no difference between
the observed and the permuted data. However, if individuals share
the same spatial location but differ in their associations with other
blue tits, the observed data will d iffer from the randomized data.
Further, we repeated the analyses including only birds that had
been equipped with a transponder before the start of the study.
Lastly, we compared the winter association strength between
all neighbourhood orders. For each of the five neighbourhood
orders, we determined the average winter association strength
and calculated the difference in the means between all possible
comparisons. We then randomly sampled the winter association
strengths among the five orders, and again calculated the differ-
ence in the means between all order comparisons. We repeated
this 1000 times and compared the differences calculated from
the randomized data with the actual difference calculated from
the observed data.
(iii) Do winter associations predict extra-pair paternity?
We examined whether we can predict the likelihood of a female–
male combination to be classified as extra-pair partners from the
winter association strength by performing a logistic matrix
regression [50] using the ‘netlogit’ function [51]. We used the
same dataset as described above (containing mixed-sex dyads
and excluding social pairs). Whether a female–male combination
had extra-pair young together (yes/ no) was the dependent vari-
able. As independent variables, we included breeding distance
(i.e. neighbourhood order, ranging from 1 to 5 [21]), male age (year-
ling versus adult [2]) and three factors describing the behaviour
during winter: (1) winter association strength of each dyad, (2)
the absolute difference in arrival time between members of each
dyad and (3) whether both individuals inspected a nest-box
together (yes/ no) during winter. We scaled all independent vari-
ables by dividing each value by two times the standard deviation
[52]. We examined the effect of winter association strength using
the same null model described in the section on social pairs.
We repeated the analyses on EPP on a smaller spatial scale,
including only direct and second-order neighbours, because the
majority of extra-pair sires bred within this neighbourhood (see
results). We also repeated the analyses including only birds
that had been equipped with a transponder before the start of
the study.
Lastly, we examined whether the effect of winter association
strength on EPP simply arises from the potential carry-over
effects of the previous social breeding structure. We repeated
the analyses with two datasets: (1) using dyads where both part-
ners had bred in the study site in the previous season (2017) and
(2) using dyads where at least one individual bred for the first
time in the study site, which excludes the possibility of carry-
over effects. If significant, this test provides evidence that the
effect of winter social associations on patterns of EPP is not
simply a by-product of the previous breeding associations.
(iv) Comparing the association strength between social partners,
extra-pair partners and other close neighbours
We examined whether winter association strength differed
between social pairs, extra-pair partners, d irect neighbours and
second-order neighbours. For each of the four categories of
relationships, we determined the average winter association
strength and calculated the difference in the means between all
possible categories (e.g. social pairs, extra-pair partners, etc).
Next, we randomly sampled the winter association strengths
among the four categories and again calculated the difference in
the means between all categories. We repeated 1000 times and
inferred statistical significance by comparing the differences calcu-
lated from the randomized data to the actual difference calculated
from the observed data.
(v) Temporal changes in the social network
The effect of winter association strength on the likelihood that a
female–male dyad ends up as social pair or extra-pair partners
may change during the study period. For example, associations
closer to the start of breeding might be more meaningful in
explaining mating patterns. Furthermore, the strength of the
associations with the social (breeding) and the extra-pair partner
may change over time. For example, social pairs may show stron-
ger winter associations earlier on compared to extra-pair partners
or the relative association strength of within- and extra-pair
partners may change as birds anticipate the breeding season. To
examine potential temporal differences in the effect of winter
association strength, we created the same network as described
above, but for each month separately (i.e. one network for Novem-
ber, December, January, February and 1–14 March). We then
repeated the analyses to test whether winter association strength
predicts whether a given female–male combination will become
extra-pair partners or a social pair, as described in the sections
(i) and (iii) above.
We also post-hoc split the winter into two halves (calculating
one network for early winter: November–January) and one for
late winter (February 1–14 March) and repeated all analyses as
explained above.
3. Results
During the 5-month study, we recorded 30 205 flocking events at
feeders (on average 15 per feeder per day including on average 4
individuals per flock, range = 1–42), comprising 563 individ-
uals. Individuals were present on average 46 days (s.d. = 40.4,
range: 1–138) and used 7.5 feeder locations (s.d. = 4.5, range:
1–20). From the 563 individuals recorded during winter, 221
(approx. 39%) bred in the subsequent spring. During the breed-
ing season (14 March–25 June), we recorded 124 social pairs
(excluding replacement clutches and cases of polygyny; see
Materials and methods), i.e. 248 individuals (of which 221
(89%) were present during winter). Approximately 41% of
nests contained at least one extra-pair young (range: 1–11 EPY
per nest, mean = 2). In total, 59 dyads involving 95 individuals
had extra-pair young (NFemales = 49, NMales = 46). Of those 95









(a) Winter associations predict future social pairs
The association strength during winter was a significant pre-
dictor of whether a female–male dyad ended up as a social
breeding pair (NDyads = 12168, NFemales = 117, NMales = 104; esti-
mate: 5.23, permutation test: p < 0.001). The results did not
change qualitatively when the analysis only included individ-
uals that had been equipped with a transponder before the start
of the study (NDyads = 7622, NFemales = 74, NMales = 103; estimate:
6.16, permutation test: p < 0.001).
(b) Winter associations predict spatial breeding
arrangement
Individuals with a larger overlap in spatial activity during
winter (estimate: −0.96, p < 0.001) and those with stronger
winter associations during foraging (estimate: −0.17, permu-
tation test: p < 0.001) ended up breeding closer together
(figure 1). The results did not change qualitatively when the
analysis only included individuals equipped with a transpon-
der before the start of the study (electronic supplementary
material, table S1). The mean winter association strength dif-
fered significantly between all neighbourhood orders (mean
winter association strength: first order: 0.69 ± 0.38 s.d ., second
order: 0.59 ± 0.59 s.d., third order: 0.49 ± 0.39 s.d., fourth
order: 0.41 ± 0.38 s.d., fifth order: 0.32 ± 0.36 s.d.; p < 0.001 for
all comparisons; figure 1).
(c) Winter associations predict extra-pair paternity
Female–male dyads that were more strongly associated in
winter were more likely to have extra-pair young together
(mean winter association strength ± s.d.; EP partners: 0.75 ±
0.31, remaining neighbours: 0.32 ± 0.37; figure 2, table 1),
independently of the spatial component (see corresponding
null model). Further, female–male dyads that had visited a
nest-box together before the breeding season were more
likely to become extra-pair partners (percentage of pairs that
visited a nest-box: EP partners: 23%, remaining neighbours:
2%; table 1), whereas the difference in arrival date did not
have an effect (table 1).
The majority of nest-box visits were performed in late
winter (January–mid-March). During this period, on average
13 unique dyads visited a nest-box on a given day (range:
1–37). During early winter (November–December), on average
only 2 dyads visited a box on a given day (range: 1–4; electronic
supplementary material, figure S1). Those birds that inspected
a box did it on average with 2.3 other individuals (range: 1–8;
excluding the future social partner). The number of partners
with whom a bird visited a nest-box did not differ between
faithful and unfaithful individuals (unfaithful: mean = 2.1,
range: 1–7, faithful: 2.4, 1–8; Wilcoxon rank sum test:
W = 1288, p = 0.56).
As in previous studies on blue tits, older males were more
likely to sire extra-pair young (table 1) and the majority of
extra-pair sires bred within the close neighbourhood
(51% and 32% of extra-pair sires were first- and second-order
neighbours, respectively). When the analysis was restricted to
first- and second-order neighbours, the effect of winter associ-
ation strength was similar in size, but no longer significant
(table 1). The results did not change qualitatively when only
individuals which had been equipped with a transponder
before the start of the study were included (electronic
supplementary material, table S2) or when running the analysis
separately for dyads where both partners had bred in our study
site in 2017 and for dyads where at least one bird was unfamiliar
to the site. For both datasets, individuals with a higher associ-
ation strength were more likely to have extra-pair young
together (electronic supplementary material, table S3).
(d) Comparing the association strength between
social partners, extra-pair partners and other
close neighbours
Association strength was highest for social pairs and lowest for
second-order neighbours (figure 3). Winter association strength
did not differ significantly between social pairs (mean ± s.d .:
























Figure 1. Relationship between breeding distance (neighbourhood order: 1 =
direct neighbours, 2 = second-order neighbours, etc.) and winter association
strength. Boxplots show the minimum values, lower quartile, median, upper
quartile, maximum values and outliers (indicated as black dots). The mean is
indicated by a cross. Grey points show all data. The mean winter association






















Figure 2. The predicted probability for a female–male dyad to have EPY
together in the subsequent breeding season in relation to its winter associ-
ation strength (while keeping all other independent variables constant at
their mean values). The grey ribbon shows the 95% confidence interval
from a generalized linear-mixed model including neighbourhood order,
male age, box visit and difference in arrival as independent variables and









test: p = 0.18; figure 3; electronic supplementary material, figure
S2). However, the association strength also did not differ
between extra-pair partners and direct neighbours (0.65 ±
0.39, permutation test: p = 0.28). Social pairs had significantly
stronger associations compared to direct or second-order
neighbours (0.58 ± 0.39, permutation test: both p < 0.001).
(e) Temporal changes in the social network
In general, the effect sizes of the association strength as predic-
tor of mating increased as the breeding season approached
(electronic supplementary material, figure S3). The strength
of association in late winter (March) significantly predicted
which female–male dyad ended up as extra-pair partners
(p < 0.001), while the association strength earlier in winter
(January–March) significantly predicted the likelihood of a
dyad ending up as a social breeding pair (January: p = 0.004,
February: p = 0.007, March: p < 0.001).
Effect sizes and p-values for analyses on social networks
generated for the early (November–January) and late winter
period (February–March) can be found in the electronic
supplementary material (figure S4).
4. Discussion
It has been suggested that EPP emerges from the social inter-
actions among multiple individuals (i.e. the focal male or
female, their social partner and the potential extra-pair mate(s)
[9,23]). Here, we provide extensive empirical support for this
idea. We show that social associations during winter carry-over
into the spatial breeding arrangement, whereby stronger associ-
ated individuals subsequently nested more closely together.
This, by itself, will make it more likely that they end up becoming
extra-pair mates, because extra-pair sires are typically close
neighbours. However, independently of this spatial component,
our results show that female–male dyads with stronger associ-
ations during winter are more likely to have extra-pair young
together. Our study thus suggests that associations prior to
breeding influence future mating behaviour.
The maintenance of social bonds with conspecifics can pro-
vide several benefits [53] such as reduced aggression [54],
better access to information [55,56], increased opportunities
for cooperation [57,58] or increased survival [59,60]. Thus,
during a prolonged stationary period such as breeding,
individuals might benefit from positioning themselves in a
suitable social environment. Here, we show that associations
during foraging prior to breeding carried over into the spatial
breeding arrangement of blue tits (figure 1), similar to what
has been found in the closely related great tit [30]. In great
tits, familiarity with breeding neighbours increased reproduc-
tive success [61]. In cowbirds (Molothrus ater), females who
spent more time with familiar individuals during the non-
breeding phase laid more eggs in the subsequent breeding
season [62]. Although the mechanisms underlying such effects
are not yet clear, the potential benefits gained from having a
familiar social surrounding during breeding may cause indi-
viduals to preferably nest closer to conspecifics they are more
strongly associated with.
Familiarity to breeding neighbours may also facilitate
opportunities for extra-pair matings. In many species, including
blue tits, extra-pair young are mostly sired by neighbouring
males (e.g. [29,63]). This raises the question whether EPP is
simply the result of coincidental meetings between close
neighbours or whether it emerges from social preferences for
specific mating partners or is at least facilitated by previous
social interactions. A previous study found no evidence that
the proportion of familiar neighbours (i.e. familiar from
Table 1. Results of logistic network regression models examining the effect of winter association strength on the likelihood of a female–male dyad to have
extra-pair young together. The first model included all neighbourhoods (first to fifth order). The second model included only first- and second-order
neighbourhoods. p-values inferred from the permutation tests are shown in italic.
all neighbourhoods first- and second-order neighbourhood
estimate exp(b) p estimate exp(b) p
intercept −6.34 0.002 −4.35 0.01
neighbourhood order −2.48 0.08 <0.001 −0.90 0.41 0.02
male agea 0.69 2.00 0.04 0.99 2.70 0.01
winter association strength 0.97 2.63 0.01 0.72 2.05 0.06
box visitb 0.40 1.50 0.01 0.66 1.93 0.01
difference in arrival time 0.53 1.70 0.16 0.19 1.21 0.65
aAdults compared with yearlings.












Figure 3. The winter association strength for different categories of female–
male pairs. Boxplots show the minimum values, lower quartile, median,
upper quartile, maximum values and outliers (indicated as black dots).
The mean is indicated by a cross. Grey points show all data. Horizontal
lines connect pair categories that do not differ significantly. Sample sizes
for the different female–male dyads: NSocial pairs = 99, NExtra-pair partners =









previous breeding seasons) or the presence of a former social
mate influenced the patterns of EPP [26]. Here we examined
the associations among individuals that arose during the
preceding non-breeding season. Our study shows that individ-
uals that were more often foraging together in winter and those
that visited a nest-box together were more likely to end up as
extra-pair partners (figure 2 and table 1). Previously, Schlicht
et al. [29] showed that the nest-box visits of males to neighbour-
ing females during their fertile period also predicted the
likelihood of having extra-pair young together, and our findings
corroborate these results. Even though spatial proximity was
the strongest predictor of the occurrence of EPP (the effect
size for spatial proximity was more than double that of the
winter association strength when considering all neighbour-
hoods, but effect sizes became more similar when only
considering the close neighbourhood; table 1), our findings
suggest that EPP does not only arise from spatial proximity
and mating opportunities during breeding, but that they are
also predicted by prior associations, especially those that took
place closer to the start of the breeding season (electronic
supplementary material, figure S3).
Winter social associations may simply reflect the preced-
ing breeding social structure. However, when repeating the
analyses only including dyads where at least one individual
was not present, during the previous breeding season, the
winter association strength still predicted extra-pair mating
patterns. This indicates that winter social associations and
their effect on EPP cannot solely be a consequence of the
social structure during the previous breeding season. This
finding makes logical sense, especially for short-lived species
like the blue tit, as all individuals will necessarily experience
a winter flocking period prior to first reproduction, and many
individuals will reproduce only once in their life. However,
our findings raise questions about whether the increased
probability to have EPP with familiar individuals is due to
mating preferences taking place prior to breeding (i.e. social
associations are driven by extra-pair mate choice) or whether
extra-pair matings are indirectly facilitated by other social
processes (e.g. reduced aggression due to familiarity).
During winter, we found a clear negative gradient in the
association strengths across what could be predicted as a spec-
trum of future reproductive engagement. Future social partners
had the strongest association through to future second-order
neighbours having the weakest. Importantly, the differences
in winter association strength between future social pairs,
extra-pair mates and close neighbours were small (figure 3),
highlighting the substantial potential for reproductive out-
comes to be shaped by over-winter associations. It could be
that these results are explained by methodological limitations
of our study. We measured associations exclusively based on
foraging events and blue tits usually forage in flocks. Therefore,
future social partners and neighbours (including future extra-
pair partners) probably foraged together many times and
hence may end up having similar association strengths.
Information about fine-scale associations within flocks would
help to conclusively show that social interactions with future
extra-pair mates differ from other close neighbours. To fully
understand whether and how prior social associations
affect mating patterns, studies using more advanced tracking
technologies [64] are needed to capture finer-scale patterns
of social preferences. Furthermore, studies examining how
differences in winter social structure (e.g. populations with
varying levels of fission-fusion dynamics or with varying
turn-over rates) affect future mating decisions would improve
our understanding of mating patterns.
When and how individuals make mating decisions is still
largely unknown. We assessed whether the importance of
winter social associations as a predictor of future mating pat-
terns changes over the season. Perhaps unsurprisingly, we
find that the effects of social associations increased both for
social pairs and extra-pair partners as the breeding season
approached (electronic supplementary material, figure S3).
For extra-pair partners, the effect of association was strongest
in late winter, whereas the effect on social pairs was clear
throughout the winter. While this pattern could simply be
caused by lower statistical power at the beginning of the
study (i.e. less individuals were present in November than in
March), the conclusions seem robust. When we split the
study period in early and a late winter, association strength
in both periods significantly predicted future social pairs,
whereas only the association strength in late winter predicted
whether two individuals became extra-pair partners (electronic
supplementary material, figure S4). These findings suggest that
social pair bonds are established earlier than associations with
extra-pair partners, thus providing new insights into the
dynamics of different types of social relationships.
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Figure S1. Plot showing the number of unique pairs that visited a nestbox together during the non-
breeding phase (November – mid March). The y-axis represents the number of pairs that visited a 








Figure S2. Figure showing the calculated difference in the mean association strength between 
different relationship categories (i.e., social pairs - extra-pair (EP) partners, social pairs – 1st order 
neighbours, social pairs – 2nd order neighbours, etc.). Boxplots and grey points represent the 
calculated differences between relationship categories generated from 1000 permutations. Boxplots 
show the minimum values, lower quartile, median, upper quartile, maximum values and outliers 
(indicated as black dots). The black diamonds represents the difference calculated from the observed 
data. The p value generated from the randomizations is shown for every relationship comparison in 














Figure S3. Effect sizes of the winter association strength during each month before breeding started 
on the likelihood to become extra-pair partners (A) or social (breeding) pairs (B). Bars indicate the 
95% distribution range of the effect sizes generated from random sampling (permutation test); 
diamonds indicate the observed effect size. Numbers below each month indicate the sample sizes, 




















Figure S4. Effect sizes of the winter association strength during an early (November-January) and late 
(February-March) period before breeding started on the likelihood to become extra-pair partners (A) 
or social (breeding) pairs (B). Bars indicate the 95% distribution range of the effect sizes generated 
from random sampling (permutation test); diamonds indicate the observed effect size. P values 
inferred from the permutation tests for the early period: Extra-pair partners=0.44, Social pairs=0.02; 
late period: Extra-pair partners=0.03, Social pairs<0.001. Numbers below the time period indicate the 












Table S1-S2 show the repeated analyses only including individuals which had been equipped with a 
transponder before the start of the study (N=177, 80% of the 221 individuals which were used for the 
analyses in the main text, NDyads=7834). For further details on the analyses see the descriptions within 
the main text.  
 
Table S1. Results of the linear network regression model examining the effects of winter association 
strength and spatial overlap on the breeding proximity of individuals. High overlap in spatial activity 
and strong winter associations are both associated with breeding closer together. The P-value 


















Overlap in spatial activity  
 
- 1.00 < 0.001 
 
 
Table S2. Results of logistic network regression models examining the effect of winter association 
strength on the likelihood of a female-male dyad to have extra-pair young together. The first model 
included all neighbourhoods (1st -5th order). The second model included only individuals that ended 










*Adults compared to yearlings. 
†Visiting a box together before the start of breeding (compared to no visit).  




























- 2.36  
 





0.46 1.59 0.20  0.83 2.29 0.06 
Winter association strength 
 
1.22 3.38 0.01 
 




0.50 1.65 0.006  0.82 2.27 0.006 
Difference in arrival time 
 




Table S3. Results of logistic network regression models examining the effect of winter association 
strength on the likelihood of a female-male dyad to have extra-pair young together. The first model 
included only dyads where at least one individual was unfamiliar to the study site (NDyads=18034). The 
second model included only dyads where both individuals had been breeding in our study site in 
2017 (Dyads familiar from previous season, NDyads=3164). Both models include all neighbourhoods (1
st 
-5th order). P-values inferred from the permutation tests are shown in italic. 
 
*Adults compared to yearlings. 
†Visiting a box together before the start of breeding (compared to no visit).  
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- 2.20  
 
0.11 < 0.001  - 2.79  
 
0.06 < 0.001 
Male age* 
 




0.93 2.55 0.05 
 




0.38 1.48 0.12  0.44 1.55 0.05 
Difference in arrival time 
 


















Social network position predicts male mating success in a small passerine  
Kristina B. Beck, Damien R. Farine, Bart Kempenaers  
 
Individuals differ in the quantity and quality of associations with conspecifics. The resulting variation 
in the positions that individuals occupy within their social environment can affect several aspects of 
life history, including reproductive behaviour. While research increasingly shows how social factors 
can predict dyadic mating patterns (i.e. who will breed with whom), much less is known about how an 
individual’s social position affects it’s overall likelihood to acquire mating partner(s). We studied social 
networks of socially monogamous blue tits (Cyanistes caeruleus) to investigate whether the number 
and strength of connections to opposite-sex conspecifics, the ratio between same- and opposite-sex 
connections, and the tendency to move between social groups in the months prior to breeding affects 
individuals’ success in acquiring 1) a breeding partner and 2) an extra-pair partner. After controlling 
for differences in spatial location, we show that males that moved more often between social groups 
were more likely to acquire a mate and adult males that associated with more females were more 
likely to sire extra-pair young. The number of female associates also predicted the proportion of 
familiar female breeding neighbours, suggesting that familiarity among neighbours may facilitate 
opportunities for extra-pair matings. In females, none of the social network metrics significantly 
predicted the likelihood of acquiring a social or extra-pair partner. Our study suggests that the 
positioning of males within their social environment prior to breeding can translate into future mating 












Within animal groups, individuals typically occupy different social roles or positions (Aplin et al. 2015; 
Williams et al. 2017; Blaszczyk 2018), which can have fitness-relevant consequences. Differences in 
individual sociality, characterised by variation in the number and strength of connections to 
conspecifics and the centrality within the group, have been linked to processes such as the acquisition 
of information (Aplin et al. 2012; Kulahci and Quinn 2019), the contraction of diseases (Godfrey et al. 
2009; Hamede et al. 2009), competition for resources (Farine and Sheldon 2015; Fisher et al. 2016), 
and survival (Stanton and Mann 2012; Alberts 2019). One dimension of life histories where variation 
in social position is also important is mating behaviour. Here, the number and strengths of connections 
can ultimately shape reproductive outcomes and the strength of sexual selection (Ryder et al. 2009; 
Oh and Badyaev 2010; Formica et al. 2012; McDonald et al. 2013; McDonald and Pizzari 2018).  
An individual’s social position in the group can impact its mating behaviour in several ways. For 
instance, connections to conspecifics are fundamentally linked to mate availability, to the degree of 
intra-specific competition, and to the potential for sexual harassment (e.g., Jirotkul 1999; Le Galliard 
et al. 2005; Maldonado‐Chaparro et al. 2018; Grant and Grant 2019; Niemelä et al. 2019). Social factors 
operating at the individual level can generate population-level patterns in terms of which individuals 
are most likely to breed and with whom they reproduce. For the latter, there is increasing evidence 
that female-male relationships established prior to breeding can predict dyadic mating patterns (i.e. 
who will reproduce with whom; Rodway 2007; Psorakis et al. 2012; Teitelbaum et al. 2017; Firth et al. 
2018; Maldonado‐Chaparro et al. 2018; Beck et al. 2020). The female-male relationships formed prior 
to breeding can also extend to the patterns of future extra-pair partners (Beck et al. 2020). However, 
while the links between prior female-male relationships and future dyadic mating patterns are 
becoming well-established, much less is known about whether an individual’s social position can 
determine it’s overall likelihood to breed.  
Studies have often examined the relationship between position in the social environment and breeding 
success in the light of male-male competition. These studies show that not only the focal male’s 
phenotype but also the composition of the social environment (i.e. the other males’ phenotypes) 
influence it’s future success in gaining copulations (Formica et al. 2011; Wey et al. 2015; Ziv et al. 2016) 
or in acquiring a territory (Farine and Sheldon 2015). Furthermore, it has been shown that more central 
or active individuals (in males: Formica et al. 2012; Sih et al. 2014; in females: Ziv et al. 2016) and those 
with a higher number of social connections (both sexes: Sabol et al. 2020) gain more copulations. 
However, many of these studies focused on polygynandrous systems (Formica et al. 2011; Formica et 




the acquistion of nest sites (Farine and Sheldon 2015). Rarely have studies examined how social factors 
that relate to the competition for mates contribute to gaining reproductive success in species that 
form prolonged pair bonds for breeding, i.e. socially monogamous species (but see Oh and Badyaev 
2010).  
Most bird species are socially monogamous with biparental care (Black and Hulme 1996). Thus, the 
acquisition of a suitable social partner is a critical component of an individual’s fitness. This is 
particularly true for short-lived species that may only have one or a few opportunities for reproduction. 
Characteristics that are important in acquiring a social partner may also be important in enhancing 
overall fitness via extra-pair offspring. Many bird species frequently engage in sexual behaviour outside 
their pair bond resulting in extra-pair paternity (Brouwer and Griffith 2019). Thus, reproduction can 
involve two processes: the formation of a social pair bond and the acquisition of extra-pair partners.  
Individual differences in social position may affect the overall likelihood to acquire a social and extra-
pair partner. For instance, individuals connected to more conspecifics of the opposite sex (Sabol et al. 
2020), and those experiencing less competition (relatively fewer same-sex connections) prior to 
breeding should be more likely to find mates. Further, individuals moving more frequently between 
social groups (i.e. that are more central) may be more likely to acquire a social (Oh and Badyaev 2010) 
and extra-pair partner. Social factors may also influence within- and extra-pair reproduction in 
different ways. For example, a high number of associates may allow individuals to find a more 
preferred social partner, and lead to both greater reproductive output and less extra-pair paternity in 
the brood (Ihle et al. 2015). Individuals also differ in how frequently they re-associate with others. 
Thus, one could predict that individuals with fewer but stronger social bonds should be more likely to 
find a social partner but less likely to acquire extra-pair partners.  
In this study, we investigated whether an individual’s social position prior to breeding predicts its 
future mating success in a socially monogamous bird, the blue tit (Cyanistes caeruleus). Blue tits form 
social pairs during the breeding season and frequently engage in extra-pair matings (Kempenaers et 
al. 1992; Delhey et al. 2003). In winter, blue tits forage in large mixed-species flocks and the social 
relationships established during this time have been shown to predict who will mate with whom in the 
subsequent breeding, including social and extra-pair partners (Beck et al. 2020). Here, we examined 
the link between an individual’s overall success in acquiring either a breeding partner or an extra-pair 
partner and four measures of an individual’s social position: (i) the number of opposite-sex associates, 
(ii) the average association strength to the opposite-sex associates, (iii) the sex ratio of all its associates, 
as a measure for intra-sexual competition, and (iv) the tendency to move between, and therefore 




that have on average stronger association strengths, that experience less competition (i.e. an opposite-
sex biased ratio), and those with a greater tendency to move between social groups will be more likely 
to acquire a social partner and will be more likely to have had extra-pair partners.  
 
Methods 
Study species and system 
Blue tits are hole-nesting songbirds that form socially monogamous pairs which defend a territory 
during the breeding season whereas during the winter they forage in large mixed-species flocks 
(Perrins 1979; Farine et al. 2015). They only breed once per year, except for some replacement 
clutches. In blue tits extra-pair partners are usually close breeding neighbours and adult males are 
more likely to sire extra-pair young than yearling males (Schlicht et al. 2015).  
We collected data from August 2017 until the end of June 2018 from a population located in southern 
Germany (48°08′26″N 10°53′29″E) that has been studied since 2007. The study site contains 277 nest 
boxes and during winter (November 2017 – mid March 2018) 20 bird feeders. We arranged the nest 
boxes (approx. 40m apart) and feeders (approx. 200m apart) in an even grid across the whole study 
site and equipped all of them with radio-frequency identification (RFID) antennas (Loës et al. 2019a; 
Loës et al. 2019b). During each breeding season, nest boxes were checked at least once per week (from 
mid-March onwards) to monitor nest-building activity and to determine laying onset (date of first egg), 
clutch size and the dates of hatching and fledging.   
Birds were trapped, either at the nest (as nestlings or breeding adults the previous spring) or during 
winter using mist-nets. From every bird, we took a small blood samples (ca. 10µl) for the paternity 
analysis and molecular sexing (see section on extra-pair paternity), some standard measurements such 
as tarsus length and weight, and determined their age based on the colour of the wing coverts (yearling 
vs. adult (Svensson 1992)). In addition, birds were fitted with a metal ring and a uniquely coded passive-
integrated transponder (PIT-tag), which was implanted under the skin on the back. This allowed us to 
record data on the occurrence of birds with a PIT-tag if coming close (approx. 3cm) to the antenna of 
one of the bird feeders or nest boxes. At every detection, we logged the bird’s identity, the date, and 
time on a SD card. For further details on the study system see (Schlicht et al. 2012).   
  
Social network 
We inferred the social position of individuals by creating a network based on the foraging associations 
of PIT-tagged birds at feeders during the last two month before breeding (01 February–14 March, 




associations during this period have been shown to be important for future mating (Beck et al. 2020). 
We defined an association as two birds foraging together within the same flock. We assigned 
individuals to flocking events based on a temporal clustering using Gaussian Mixture Models (Psorakis 
et al. 2012) with the function “gmmevents” from the R package “asnipe” (Farine 2013) in the program 
R (Team 2018). From these co-occurrence data, we then inferred the association strength of each dyad 
by calculating the simple ratio index (SRI), ranging from 0 (never observed in the same flock) to 1 
(always observed in the same flock) (Cairns and Schwager 1987; Hoppitt and Farine 2018). We created 
an undirected weighted network and derived for each individual the number of opposite-sex 
associates (i.e. the degree), the average association strength to the opposite-sex associates (i.e. the 
average of an individual's edge weights), the sex ratio by dividing the number of same-sex associates 
through the total number of associates and the betweenness centrality (Freeman et al. 1979) using the 
R package “igraph” (Csardi and Nepusz 2006). Betweenness represents the number of shortest paths 
between individuals that pass through the focal individual, and represents an individual’s tendency to 
move between different flocks.   
 
Pairing success 
We defined a bird as having successfully acquired a social partner if we detected it breeding in one of 
the nest boxes in our study site. We quantified breeding pairs based on the PIT-tag detections at nest 
boxes throughout the breeding season. Both, female and male visit their breeding box frequently from 
nest-building onwards until their young fledge. We defined individuals as having been unsuccessful in 
acquiring a social partner if they were still present in our study site (i.e. based on PIT-tag detections at 
the nest boxes) from the start of the breeding season onwards but have not been recorded breeding 
in one of our boxes. We defined the start of the breeding season as the day on which the first nest 
material was found inside a nest box (i.e. 14th of March). We cannot exclude the possibility that 
“unsuccessful” individuals bred elsewhere in natural cavities within our study site. However, we 
suspect that the number of such birds within the study site is small, because there is an excess of nest 
boxes (i.e. high-quality nest sites) and even during the highest-density seasons not all nest boxes were 
occupied. Further, we only recorded a single case of blue tits breeding in a natural cavity within our 
study site (since 2007), but we may have missed other cases.  
 
Extra-pair paternity 
We genotyped nestlings and adults using 14 microsatellite markers and one sex chromosome linked 
marker (ADCbm; ClkpolyQ; Mcµ4; PAT MP 2-43; Pca3, Pca4, Pca7, Pca8, Pca9; PK11, PK12; 




and primer mixes containing two to five primer pairs. We compared the genotypes of parents and their 
offspring using the software CERVUS (Kalinowski et al. 2007). This allowed us to determine whether 
the brood of a female contained extra-pair young and which males sired extra-pair young. For further 




We examined the effect of an individuals’ social network position on its’ pairing success by fitting 
generalized linear models (GLMs) using the R package “lme4” (Bates et al. 2015). Analyses were 
performed separately for males and females and only included data from birds that were present 
during winter and that had been equipped with a transponder before the start of the winter study (01 
February 2018). Further, we excluded birds that had bred in our study site in previous years to exclude 
any effects of experience. We included as dependent variable whether the individual had bred or not 
(“binomial error structure”) and as explanatory variables the four social network measures: (1) the 
number of opposite-sex associates, (2) the average association strength to opposite-sex associates, (3) 
the sex ratio and (4) the betweenness centrality. Further, we included an individual’s arrival time into 
the study site as this has been shown to affect the likelihood to breed (Gilsenan et al. 2020) and it’s 
age (yearling vs adult) assuming that adult males may be more likely to breed. The arrival time of birds 
was defined as the first day an individual was recorded based on automated detection at a nest box or 
feeder (starting from 01 August 2017 following Gilsenan et al. 2020 until the end of our winter study 
period on 14 March 2018). We standardised each variable by subtracting the mean and dividing two-
times the standard deviation using the “standardize” function of the R package “arm” (Gelman 2008; 
Gelman and Su 2018). Correlation coefficients among all fixed effects were below the threshold (r<0.5, 
Dormann et al. 2013).  
 
Extra-pair paternity 
We examined the effect of an individuals’ social network position on extra-pair paternity by fitting 
GLMs using the R package “lme4” (Bates et al. 2015). We analysed the data separately for males and 
females and only included data from birds that had been equipped with a transponder before the start 
of the study, that were present during winter and later bred in the study site. We included as 
dependent variable whether the individual had extra-pair young or not (“binomial error structure”) 
and as explanatory variables the four social network measures as described above in the section on 
pairing success. For males, we only included adults (i.e. older than one year) as yearlings are much less 




pair young). We standardised all explanatory variables and checked for correlations (all r<0.5) as 
described in the section on pairing success.   
 
Null models 
We used node permutations (Farine and Whitehead 2015; Farine 2017) to determine the effect of our 
social network measures on the likelihood to acquire a breeding partner or extra-pair partner. In node 
permutations, the identity of each node is randomized, breaking the link between the social network 
metrics and the individual identity (Farine 2017). We first performed an unrestricted permutation by 
randomly swapping the network position of same-sex individuals. Following, we performed a spatially 
restricted node permutation. This location-specific null model allowed us to control for potential 
confounding effects that may influence our social network metrics and thus their effect on the 
dependent variable. At the same time this allowed us to partially differentiate between patterns arising 
from social versus spatial effects.  For instance, certain habitat configurations (e.g. vegetation, density, 
presence of predators etc.) in the location where an individual preferably forages may influence the 
social network metrics. In such a case, individual differences in network metrics may not necessarily 
arise from differences in social behaviour but simply from differences in spatial condition. We 
determined for each individual its’ preferred feeder as the one that the individual most often visited. 
Ideally, we would then have swapped the network positions of those same-sex individuals that 
preferably foraged at the same feeder. However, as some feeders were only preferred by few 
individuals (6 feeders with less than 3 individuals), performing randomizations within each feeder 
location would not be meaningful. Thus, we clumped the bird feeders into spatial clusters, each 
containing at least 10 individuals. This resulted in five distinct clusters (each comprising 3-5 feeders, 
Figure S1). Following, we only swapped the network position of those same-sex individuals that 
preferably foraged in the same spatial cluster.  
We repeated the node permutations for the unrestricted and the location-specific null model 1000 
times and after each permutation, we repeated the GLM as described above in the sections on paring 
success and extra-pair paternity, and compared the coefficient of the slope from the observed data to 
the distribution of coefficients from 1000 models fitted to the randomised data. Cases where the 
observed value lays outside the 95% range of the distribution of randomised values indicated a 
statistically significant effect. If the observed data differ from the location-specific null model, 
differences in the network metrics and their potential effect on mating success are likely caused by 







We found that males associating with more females during winter were more likely to sire extra-pair 
young (see Results). Individuals breeding in neighbourhoods with higher densities are usually more 
likely to have extra-pair young (Schlicht et al. 2015). Thus, we examined whether the number of female 
associates translated into i) the number of neighbours and ii) the proportion of familiar females 
(familiarity defined as having associated during winter) within the close neighbourhood in the 
subsequent breeding season. We investigated the breeding neighbourhood of birds using the R 
package “expp” (Valcu and Schlicht 2013). The package assigns territories to breeding pairs using 
Thiessen polygons. Based on this information, we determined the neighbourhood order of a focal pair 
to all breeding pairs in the study site, whereby 1st order neighbours refer to neighbours sharing a 
territory border, 2nd order neighbours refer to those that have one territory in between them, and so 
on (for further details on the method see Valcu and Schlicht 2013; Schlicht et al. 2015). For our analyses 
we only focused on the close neighbourhood (i.e. 1st and 2nd direct neighbours) because this is where 
most extra-pair young are sired (Schlicht et al. 2015; 51% and 32% of extra pair sires were 1st and 2nd 
order neighbours, respectively). We fitted GLMs using the R package “lme4” (Bates et al. 2015) and 
included as dependent variable i) the number of direct neighbours in the close neighbourhood 
(“poisson error structure”) and ii) the proportion of familiar females (“binomial error structure”). As 
explanatory variable we included the number of female associates during winter. We examined the 
effect of the number of female associates by performing node permutations as described above.  
In addition, we examined whether the number of associates could be one of the underlying reasons 
for the increased extra-pair siring success in adult blue tits (Schlicht and Kempenaers 2013). For this, 
we performed a Wilcoxon rank sum test comparing the number of female associates between adult 
and yearling males.  
 
Results 
During winter, we recorded 13095 flocking events at feeders (on average 19 per feeder per day), 
comprising 452 individuals. Individuals on average were recorded on 24 days (sd=15.10, range: 1–48) 
and used 6 different feeder locations (sd=3.43, range: 1–17). From the 452 individuals, 221 (48.89%) 
were recorded breeding in one of our nest boxes.  
Pairing success 
We included 119 males (46 successfully paired, 73 did not pair) and 93 females (41 successfully paired, 




earlier and with a greater betweenness centrality (i.e. a greater tendency to move between different 
flocks) were more likely to breed in the subsequent spring (mean betweenness centrality±sd: breeding 
individuals: 1180.53±2748.19; not breeding: 180.17±504.43; Fig. 1A, Table 1). A juvenile male with an 
average betweenness centrality of 566.90 had a 47% probability to acquire a breeding partner (while 
keeping all other independent variables at their mean values; adult males: 25%; Fig. 1A). The effect of 
betweenness centrality on pairing success remained unchanged when controlling for spatial location 
(Figure 2A, Table 1). Our data on the betweenness centrality included one strong outlier (see Figure 
1A) but the effect was still present when repeating the analysis after excluding this individual (Table 
S2). In females, none of the network metrics predicted the likelihood of pairing success but yearlings 
were more likely to breed than adults (Table 1).   
 
Table 1. Results of the models examining the effect of the number of opposite-sex associates, the 
average association strength, the sex ratio, the betweenness centrality, age (yearling vs adult) and 
the arrival time on the likelihood to acquire a mate in males (N=119) and females (N=93). Significant 
P values are shown in bold and the P values for the four network metrics that were inferred from 
1000 random permutations are shown in italic. P values derived from the unrestricted null model are 

















































































-2.13 0.03 -1.68 
± 0.60 
-2.82 0.01 
Arrival time -1.48 
± 0.49 
 
-3.04 0.002   -1.08 
± 0.57 
-1.89 0.06 





Figure 1. The predicted probability that a male bred in relation to the betweenness centrality (A) and 
the predicted probability that an adult male sired extra-pair young (EPY) in relation to the number of 
female associates (B). Nodes show the raw data and node size represent the number of individuals 
(A: N=1-30, B: N=1-3). The grey ribbon shows the 95% confidence interval from the generalized linear 
model described in the main text while keeping all other independent variables constant at their 






Figure 2. Distribution of the effect sizes of the observed and randomized data for males. The left 
panel shows the effect size of the betweenness centrality on pairing success (A) and the right panel 
shows the effect size of the number of female associates on extra-pair siring success (B). The black 
line indicates the effect size of the observed data (see also Table 1, 2). The density plots show the 
distribution of effect sizes generated with the unrestricted null model (red) and the location-specific 








For our analysis on extra-pair paternity, we included 81 adult males (excluding 34 yearlings from the 
total 115 males) and 95 females. Of those, 32 adult males (and 3 yearlings) and 36 females had extra-
pair young. Males that associated with more females during winter were more likely to sire extra-pair 
young, even when controlling for spatial location (mean number of female associates±sd: individuals 
having extra-pair young: 78.03±26.32; no extra-pair young: 63.94±29.58; Fig. 1, 2B, 3, Table 2). An adult 
male with an average number of 69.51 female associates had a 38% probability to acquire an extra-
pair partner (while keeping all other independent variables constant at their mean values). The average 
association strength to females, the sex ratio and betweenness centrality did not predict extra-pair 
paternity (Table 2). The number of female associates did not differ between adult and yearling males 
(Table S3) and did not translate into having more neighbours during breeding but did lead to a greater 
proportion of familiar females within the close neighbourhood (Table S4). In females, none of the 
examined social network metrics predicted extra-pair paternity, although the effect of the number of 
male associates is also positive (Table 2).  
 
 
Table 2. Results of the models examining the effect of the number of opposite-sex associates, the 
average association strength, the sex ratio and the betweenness centrality on the likelihood to 
acquire extra-pair young in adult males (N=81) and females (N=95). P values are inferred from 1000 
random permutations and values derived from the unrestricted null model are indicated by a triangle 



























































































Figure 3. Social network representing all males included in the analysis on extra-pair paternity (N=81) 
and their connections to females during the study period. Females are shown in red and males in 
blue. Light blue indicates males that sired extra-pair young, dark blue shows males that did not. Node 
size in males represents their degree (i.e. larger nodes indicate a higher number of female 
connections); node size in females is kept constant. The thickness of lines between nodes represents 




Research increasingly acknowledges that animal social structure can affect various ecological 
processes and fitness outcomes (Croft et al. 2016; Webber and Vander Wal 2019; Cantor et al. 2019). 
Despite a considerable amount of research on the link between social effects and mating behaviour, 
few studies examined how social factors contribute to gaining reproductive success in socially 
monogamous species that form pair bonds for breeding. Here, we demonstrate that the social position 
of male blue tits during winter has consequences for their success in acquiring 1) a breeding partner 
and 2) extra-pair partner(s). Males with a greater tendency to move between flocks (a higher 
betweenness centrality) were more likely to breed than males that moved less. Further, adult males 
that were connected to more females during winter were more likely to sire extra-pair young in the 
subsequent breeding season, relative to males with fewer female associates. This suggests that the 




pair partners. In females, none of the investigated social network metrics significantly predicted mating 
success.  
Individuals can actively modify their social environment in order to increase mating success (Jirotkul 
2000; Oh and Badyaev 2010; Formica et al. 2011). For instance, in house finches (Carpodacus 
mexicanus), males with a less elaborate plumage changed social groups more frequently (i.e. 
expressed a higher betweenness centrality) compared to more elaborate males (Oh and Badyaev 
2010). This increased the relative attractiveness of less elaborate individuals to other males, leading to 
an increased pairing success (Oh and Badyaev 2010). Here, we found that male blue tits that moved 
more frequently between flocks were also more likely to subsequently be observed breeding (Fig.1A, 
Table 1). This could be the case if a higher betweenness centrality increases an individuals’ 
opportunities to find a suitable social partner or if it increases the likelihood of a male to acquire a 
territory. Similar processes as found in the house finches may explain our findings, but this warrants 
further exploration.  
Variation in extra-pair paternity has often been linked to characteristics of the breeding environment 
such as the breeding density (Westneat and Sherman 1997; Thusius et al. 2001; Schlicht et al. 2015) or 
synchrony (Stutchbury and Morton 1995; Chuang et al. 1999; Thusius et al. 2001). However, recent 
evidence suggests that extra-pair paternity does not only arise from conditions during breeding, but 
could be linked to pre-breeding associations between females and males (Maldonado‐Chaparro et al. 
2018; Beck et al. 2020). Here, we report that a male’s success in gaining extra-pair young increased 
when he associated with more females prior to breeding (Fig. 1B, 3, Table 2). This finding raises the 
question of how more connections during winter translate into an increased likelihood to sire extra-
pair young. If more associates lead to higher densities in the breeding neighbourhood this may result 
in more potential extra-pair partners. However, we found no such effect (Table S4). Instead we show 
that having more female associates translated into a higher proportion of familiar females within the 
close breeding neighbourhood (Table S4). Whether familiarity among neighbours facilitates extra-pair 
copulations still needs investigation. Also, a male’s number of female connections was strongly 
correlated with its number of male connections and thus it’s overall degree. Therefore, we cannot 
disentangle whether the increased success in gaining extra-pair young is caused by the greater 
availability of females or simply due to some males being more social than others.  
Our findings show that the social features that predict a male’s success in acquiring a social and extra-
pair partner differ (i.e. betweenness centrality versus number of female associates). Thus, the 
acquisition of a future social partner may follow different processes than the acquisition of extra-pair 
partners. A study on the same population suggested that social partners get established earlier in 




be beneficial to bond early in order to assess the compatibility of the future partner and in order to 
synchronize their behaviours (Spoon et al. 2006; Griggio and Hoi 2011; Ihle et al. 2015). Moving more 
frequently between social groups may facilitate to find a (suitable) breeding partner. Extra-pair 
matings may not require a prolonged pair formation process during winter but might simply arise from 
increased opportunities to engage in extra-pair copulations during breeding. As mentioned above, we 
speculate that familiarity between breeding neighbours might lead to an increase in extra-territorial 
visits (e.g. through active mate preference or decrease aggression) and thus increases opportunities 
for extra-pair copulations.   
Individual differences in social network metrics may not necessarily result from differences in social 
behaviour, but may be affected by other factors such as the habitat configuration (He et al. 2019). 
Some individuals might for instance prefer to forage at sites with high densities of conspecifics that 
can lead to a higher number of social associates compared to individuals mostly foraging at low density 
sites. In our study, we controlled for the potential effect of spatial location, but the effect of our 
network measures on the likelihood to gain a breeding partner or extra-pair partner remained present. 
This suggests that the differences in individual social position are not simply due to spatial effects. 
However, the location-specific null model did create larger effect sizes than the unrestricted null model 
(mean effect size from 1000 permutations±sd: analysis on pairing success: unrestricted=-0.08±0.62, 
location-specific=0.46±0.56; analysis on extra-pair paternity: unrestricted=0.03±0.53, location-
specific=0.29±0.43). Thus, the spatial location likely contributes, at least to some extent, to the 
observed effect.  
The relationship between mating success and social network position may also result from underlying 
phenotypic traits that themselves directly influence mating success as well as network position. For 
instance, in the closely related great tit (Parus major), differences in personality have been linked to 
variation in extra-pair paternity (Van Oers et al. 2008) and to differences in social position (Aplin et al. 
2013). Thus, it is important to disentangle whether the relation between mating success and social 
network position results from underlying phenotypic traits that directly influence both mating success 
and network position. Otherwise social position may be erroneously detected as target of selection. 
The link between extra-pair paternity and the number of prior associates could for example arise if 
females preferably associate with higher quality males. We tested whether the number of female 
associates differed with male age—a factor strongly influencing patterns of extra-pair paternity 
(Cleasby and Nakagawa 2012)—but found no support for such an effect (Table S3). More research is 
needed on the factors underlying individual social network position, and how position is linked to other 
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Additional information on the paternity analysis 
Table S1. Microsatellite loci for blue tits. Primer sequences include information on fluorescence labels 
used. C refers to the primer concentration in multiplex primer mix. Size range and number of alleles 
refer to 2018 data (n=1696; Phtr3 from 2017, n=1905). 
 






ADCYAP1_bm FJ464427 VIC‐GATGTGAGTAACCAGCCACT 
ATAACACAGGAGCGGTGA 
0,2 μM 2 160 ‐ 172 10 
ClkpolyQ AY338423‐28 6FAM‐TTTTCTCAAGGTCAGCAGCTTGT 
CTGTAGGAACTGTTGYGGKTGCTG 
0,36 μM 4 266 ‐ 283 7 
Mcµ4 U82388 PET‐ATAAGATGACTAAGGTCTCTGGTG 
TAGCAATTGTCTATCATGGTTTG 
1,1 μM 2 156 ‐ 194 19 
PAT MP 2-43 AM056063 6FAM‐ ACAGGTAGTCAGAAATGGAAAG 
GTATCCAGAGTCTTTGCTGATG 
0,24 μM 4 125 ‐ 155 8 
Pca3 AJ279805 PET‐GGTGTTTGTGAGCCGGGG 
TGTTACAACCAAAGCGGTCATTTG 
0,8 μM 1 154 ‐ 234 43 
Pca4 AJ279806 NED‐AATGTCTTACAGGCAAAGTCCCCA 
AACTTGAAGCTTCTGGCCTGAATG 
0,42 μM 4 149 ‐ 201 18 
Pca7 AJ279809 6FAM‐TGAGCATCGTAGCCCAGCAG 
GGTTCAGGACACCTGCACAATG 
0,25 μM 1 105 ‐ 141 18 
Pca8 AJ279810 NED‐ACTTCTGAAACAAAGATGAAATCA 
TGCCATCAGTGTCAAACCTG 
0,48 μM 1 255 ‐ 401 73 
Pca9 AJ279811 VIC‐ACCCACTGTCCAGAGCAGGG 
AGGACTGCAGCAGTTTGTGGG 
0,3 μM 3 111 ‐ 135 13 
Phtr3 ¹ AM056070 NED‐ATTTGCATCCAGTCTTCAGTAATT 
CTCAAAGAAGTGCATAGAGATTTCAT 
1,4 μM 2 ¹ 118 ‐ 148 ¹ 16 ¹ 
PK11 AF041465 PET‐CTTTAAGAATTCAAATACAGAGTAGG 
GTTTTCTCCTTTCTACACTGAGG 
0,54 μM 4 63 ‐ 97 14 
PK12 AF041466 VIC‐CCTCCTGCAGTTGCCTCCCG 
CGTGGCCATGTTTATAGCCTGGCACTAAGAAC 
1,14 μM 4 168 ‐ 226 27 
PmaTAGAn71 ¹ AY260537 NED‐TCAGCCTCCAAGGAAAACAG 
GCATAAGCAACACCATGCAG 
0,3 μM 2 ¹ 190 ‐ 310 ¹ 29 ¹ 
POCC1 U59113 6FAM‐ TTCTGTGCTGCAATCACACA 
GCTTCCAGCACCACTTCAAT 
0,8 μM 3 219 ‐ 255 25 
POCC6 U59117 VIC‐TCACCCTCAAAAACACACACA 
ACTTCTCTCTGAAAAGGGGAGC 
0,25 μM 1 195 ‐ 253 28 
P2/P8 AF006659‐62 6FAM‐CTCCCAAGGA TGAGRAAYTG  
TCTGCATCGC TAAATCCTTT 
0,3 μM 2 319, 383 2 







Figure S1. Sketch of our study site. The black outline represents the boundary of the forest patch 
including all breeding nest boxes and the dashed grey outline represents the spatial clusters. The 




















Table S2. Results of the models examining the effect of the number of opposite-sex associates, the 
average association strength, the sex ratio, the betweenness centrality, age (yearling vs adult) and 
the arrival time on the likelihood to acquire a mate in males (N = 118). Significant P values are shown 
in bold and the P values for the four network metrics that were inferred from 1000 random 
permutations are shown in italic. P values derived from the unrestricted null model are indicated by a 









































































-2.13 0.03   
Arrival time -1.49 
± 0.49 
 
-3.04 0.002   




Table S3. Summary statistics of the number of female associates for adult and yearling male blue tits. 
Significant difference was examined performing a Wilcoxon rank sum test. P values are inferred from 








Table S4. Results of the model examining the effect of the number of female associates during winter 
on 1) the number of neighbours and 2) the proportion of familiar females in the close breeding 
neighbourhood (1st and 2nd order neighbours). P values are inferred from 1000 random 
permutations. P values derived from the unrestricted null model are indicated by a triangle (∆) and 
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81 27 1639 0.11 
 Number of neighbours 
 























0.09 ± 0.06 1.42 0.19∆ 
0.77* 
 











Analysis of within-individual variation in extra-pair paternity in blue tits 
(Cyanistes caeruleus) shows low repeatability and little effect of changes in 
neighbourhood  
Kristina B. Beck, Mihai Valcu, Bart Kempenaers 
 
Many studies investigated variation in the frequency of extra-pair paternity (EPP) among individuals. 
However, our understanding of within-individual variation in EPP remains limited. Here, we 
comprehensively investigate variation in extra-pair paternity at the within-individual level in a 
population of blue tits (Cyanistes caeruleus). Our study is based on parentage data comprising >10000 
genotyped offspring across 11 breeding seasons. First, we examined the repeatability of the 
occurrence of EPP, the number of extra-pair offspring, the number of extra-pair partners and the 
occurrence of paternity loss using data from males and females that bred in multiple years. Second, 
we tested whether within-individual changes in EPP between breeding seasons relate to between-year 
changes in the local social environment. Repeatabilities were generally low, but significant for the 
occurrence and number of extra-pair young in females and for whether a male sired extra-pair young 
or not. We found no evidence that the presence of the former social partner, changes in the proportion 
of familiar individuals or in phenotypic traits of the neighbors influenced changes in levels of EPP in 
females. However, in adult males, a decrease in the average body size of male neighbors was 
associated with higher extra-pair siring success. If confirmed, this result suggests that the competitive 
ability of a male relative to its neighbors influences his extra-pair mating success. We suggest that 
alternative hypotheses including the idea that within-individual changes in EPP are due to "chance 
events" rather than to changes in an individual’s social breeding environment deserve more 
consideration. 
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Beck KB, Valcu M, Kempenaers B. 2020. Analysis of within-individual variation in extra-pair paternity 
in blue tits (Cyanistes caeruleus) shows low repeatability and little effect of changes in neighborhood. 






Animals often show within-population variation in mating behavior. This variation can be caused by 
several underlying mechanisms: from genetically determined strategies (e.g., Tsubaki 2003; Küpper et 
al. 2016), via age-dependent mating tactics (e.g., Richard et al. 2005; Apio et al. 2007) to individual 
flexibility in response to the (social) environment (e.g., Leary et al. 2008; Mulrey et al. 2015).  
A well-studied example of such variation is the occurrence of extra-pair paternity in birds. Although 
the majority of species are socially monogamous, copulations outside the social pair bond are 
widespread and cause varying levels of extra-pair paternity (Griffith et al. 2002; Westneat and Stewart 
2003; Brouwer and Griffith 2019). Extra-pair copulations will typically benefit males because they can 
sire additional offspring, but the adaptive value of extra-pair behavior for females remains 
controversial (Forstmeier et al. 2014; Whittingham and Dunn 2016; Plaza et al. 2019). To understand 
the evolution of extra-pair paternity and its consequences for sexual selection (Webster et al. 1995; 
Schlicht and Kempenaers 2013), we need to find out why males vary in extra-pair siring success and 
why females vary in how many of their eggs are sired by their social mate.  
In general, extra-pair behavior and its outcome can be considered individual-specific traits. This would 
be the case (1) if males and females differ in their propensity to be promiscuous (e.g. if extra-pair 
behavior is heritable; Reid et al. 2010; Forstmeier et al. 2011; Germain et al. 2018), (2) if some males 
are better at competing for extra-pair copulations (e.g. because they are larger, Weatherhead and 
Boag 1995; Schlicht et al. 2015a) or at siring extra-pair offspring (e.g. because they produce more or 
more competitive sperm, Moller and Briskie 1995; González‐Solís and Becker 2002; Knief et al. 2017), 
or (3) if females consistently choose particular (high-quality or highly attractive) males for extra-pair 
copulations (Hasselquist et al. 1996; Whittingham and Dunn 2016). Within-individual consistency in 
levels of extra-pair paternity can also arise if (4) individuals consistently breed in an environmental 
context that increases opportunities for extra-pair behavior (Schlicht et al. 2015a; Biagolini-Jr et al. 
2017).  
Within-individual consistency of extra-pair paternity has been examined by considering multiple 
measures of the trait for a set of individuals (e.g. across several years) and calculating the repeatability 
of the trait, defined as the proportion of the total variance that is due to between-individual variation 
(Lessells and Boag 1987; Bell et al. 2009). The consistency of extra-pair paternity traits can provide 
information about the potential strength of sexual selection and past studies often examined the 
repeatability of female extra-pair behavior as an indirect estimate of heritability (Boake 1989). Studies 
on a variety of songbirds reported the repeatability in the number of extra-pair young produced or 




et al., 2006: RFemales=0.83), the number of extra-pair sires (e.g., Whittingham et al., 2006: RFemales=0.73) 
and the occurrence of extra-pair paternity (Charmantier and Blondel, 2003: no evidence for 
repeatability in females and males; Møller and Tegelström, 1997: RFemales=0.72). Although measures of 
extra-pair paternity are repeatable to some extent, the estimates vary considerably and the underlying 
causes remain unclear.   
Some studies report a low or modest repeatability of extra-pair paternity, suggesting that much of the 
variation is due to changing circumstances that relate to opportunities to engage in extra-pair 
copulations or to success in siring extra-pair offspring. First, individual characteristics might change 
over time. For instance, many studies have shown that young (yearling) males have lower extra-pair 
siring success compared to older (adult) males (Cleasby and Nakagawa 2012; Hsu et al. 2017; 
Michálková et al. 2019). Second, the environmental context relevant for extra-pair behavior can 
change considerably for an individual between breeding attempts. For example, levels of extra-pair 
paternity may vary with aspects of the current (social) environment such as breeding synchrony 
(Stutchbury and Morton 1995; Saino et al. 1999; Thusius et al. 2001), breeding density (Westneat et 
al. 1990; Dunn et al. 1994; Araya-Ajoy et al. 2015), the density of the vegetation (Biagolini-Jr et al. 
2017), the presence of predators (Santema et al. 2019), or whether an individual breeds with the same 
or a different social partner (within-pair repeatability; Dietrich et al., 2004). However, most studies 
that examined effects of the local environment on extra-pair paternity considered among-individual 
variation within a given breeding season (for our study population, see e.g. Schlicht et al. 2015a; Beck 
et al. 2020) instead of within-individual variation across seasons.   
Here, we comprehensively investigate within-individual variation in patterns of extra-pair paternity 
across successive breeding attempts in a population of blue tits (Cyanistes caeruleus) comprising 11 
breeding seasons. First, we examined to what extent the occurrence of extra-pair paternity is a 
repeatable, individual-specific trait for males and females. Second, we investigated whether within-
individual changes in measures of extra-pair paternity between years can be explained by between-
year changes in the local breeding environment of a focal individual. This approach allows 
disentangling effects of individual-specific, “intrinsic” traits from those due to the local breeding 
environment and may thus help to understand variation in extra-pair paternity. For example, extra-
pair paternity levels may be highly repeatable because individuals breed consistently in an 
environment favoring extra-pair copulations (i.e., a high repeatability in the breeding environment). In 
such case, we expect that between-year changes in the local environment will explain the observed 
within-individual variation in extra-pair paternity. If there is no effect of the local environment, it is 
more likely that the occurrence or frequency of extra-pair paternity reflects one or more individual-




changes in the local environment explain the observed within-individual variation, extra-pair paternity 
is a highly context-dependent trait.  
We considered three relevant contexts in which the breeding environment of a focal individual can 
change between years, whereby we specifically focus on the social context: territory size, the identity 
of the social partner and the local neighborhood (for an overview of all variables included for males 
and females, their interpretation and our predictions see Table 1 and Fig. S1). Extra-pair behavior is 
inherently an interaction between multiple individuals (i.e. the male or female, its social partner and 
the potential extra-pair mates) but how the social environment affects patterns of extra-pair paternity 
has rarely been examined (Petrie and Kempenaers 1998; Westneat and Stewart 2003; Maldonado‐
Chaparro et al. 2018).  
The quality of the social partner might be an important aspect influencing the decision of a focal 
individual to engage in extra-pair mating. For instance, a weak pair bond resulting from behavioral 
incompatibility between the partners (Ihle et al. 2015) or genetic quality and/or compatibility (Foerster 
et al. 2003) could influence extra-pair behavior. Furthermore, the tendency of an individual to engage 
in extra-pair behavior might also influence the extra-pair behavior of its partner (Maldonado‐Chaparro 
et al. 2018). Thus, we also examined whether the occurrence of extra-pair paternity is more consistent 
between years when the focal individual breeds with the same partner. Furthermore, past studies 
reported that divorced blue tits might still have extra-pair young with their previous partner (Valcu and 
Kempenaers 2008; Gilsenan et al. 2017). Thus, for individuals paired with a different social partner, we 
assessed whether changes in levels of extra-pair paternity depended on the presence of the former 
partner in the neighborhood.  
Changes in extra-pair paternity between years may also be explained by changes in the phenotypic 
composition of the breeding neighbors. For example, in blue tits, adult (compared to yearling) and 
larger males are more successful in siring extra-pair young (Kempenaers et al. 1997; Schlicht et al. 
2015a). Because most extra-pair young are sired by first- or second-order neighbors (Schlicht et al. 
2015a), the number or proportion of large, adult male neighbors may influence the likelihood that a 
pair has extra-pair young in their nest, or for a focal male to sire extra-pair young in a neighboring nest 
(but see Roth et al. 2019). Similarly, there is competition among females (Kempenaers 1994, 
Midamegbe et al. 2011). A neighborhood containing a higher proportion of adult and larger females 
(i.e. potentially dominant or stronger females) may influence the likelihood that a focal female can 
obtain extra-pair copulations with a neighboring male. Further, individuals breeding in the same area 
over multiple years might be familiar with some of the neighbors from previous breeding seasons. 
Familiarity might influence the decision to engage in extra-pair behavior or it might increase the 




allows more extra-territorial visits, thereby facilitating meeting potential extra-pair partners (Beletsky 
and Orians 1989; Grabowska-Zhang et al. 2011; Beck et al. 2020). Thus, we examine whether a higher 
proportion of familiar females and males and the presence of former extra-pair partners influence 
changes in patterns of extra-pair paternity.    
 
 
Materials and Methods 
Study species and population 
Blue tits are small, hole-nesting songbirds that breed only once per year (except for some replacement 
clutches) and that engage frequently in extra-pair mating (about half of the broods contain at least one 
extra-pair young and 10-15% of all offspring are sired by extra-pair males; Kempenaers et al. 1992; 
Kempenaers et al. 1997; Delhey et al. 2003). Roughly half of the individuals breed in multiple years 
with the same social partner (Valcu and Kempenaers 2008; Gilsenan et al. 2017). 
For this study, we use data on extra-pair paternity from a population that breeds in a mixed-deciduous, 
oak-dominated forest close to Landsberg am Lech, Germany (“Westerholz”, 48°08′N 10°53′E, c. 40 ha; 
see also Schlicht et al. 2012). In 2007, we put up 277 wooden, small-holed (diameter 26mm) nestboxes 
at the site and studied the breeding behavior of the blue tits nesting in the boxes (60-176 pairs per 
year). Nestboxes were distributed evenly across the site and placed approximately 40 m apart. 
Working permits were obtained from the Bavarian government and the Bavarian regional office for 
forestry (LWF).  
 
Assessment of extra-pair paternity 
We took blood samples (circa 10µl) from all nestlings (at the age of 14 days) and breeding adults (which 
we caught inside the nestbox or with mistnets either during the breeding season or in the preceding 
winter) and we collected all unhatched eggs and dead nestlings for genotyping. Some unhatched eggs 
could not be genotyped and some nestlings disappeared from the nest and were not sampled (in 23% 
of nests at least one egg was not genotyped). We used 14 microsatellite markers and one sex 
chromosome linked marker (ADCbm; ClkpolyQ; Mcµ4; PAT MP 2-43; Pca3, Pca4, Pca7, Pca8, Pca9; 
Phtr3; PK11, PK12; POCC1, POCC6; and the sex chromosome linked P2/P8). Microsatellite 
amplifications were performed in multiplexed PCRs (each 10μl multiplex PCR contained 20 – 80ng DNA) 
and primer mixes containing two to five primer pairs. Overall, we genotyped 10227 out of 11624 laid 
eggs (88%; between-year range: 80 – 97%) and compared the genotypes of parents and their offspring 




male how many extra-pair young he sired and for each female how many extra-pair sired eggs her 
clutch contained. For both sexes, we also determined the number of extra-pair partners. Although the 
majority of the fertilized eggs were genotyped, the observed patterns of extra-pair paternity may not 
be identical with the actual patterns.  
 
Measurements of changes in the local environment 
For each focal individual (females and males separately), we examined the following changes in the 
local breeding environment over subsequent years (Table 1, Fig. S1). 
1. Territory size. We estimated the size of the breeding territory (in m2) using the r package “expp” 
(Valcu and Schlicht 2013; Schlicht et al. 2015a). The package assigns each point in the study area to the 
nearest breeding pair, thereby creating distinct territories using Thiessen polygons (Valcu and 
Kempenaers 2010; Schlicht et al. 2014; see Fig. S1). We then calculated changes in territory size by 
dividing the size in year x + 1 by the size in year x (ratio). We also calculated the difference in absolute 
territory size. We report the results using the proportional change in territory size. However, we 
repeated all analyses including the absolute change in territory size (see Table S1-3).   
2. Social partner. We examined whether or not the focal individual bred with a new partner in year x 
+ 1 (binary variable: yes or no) and further assessed whether a former social partner was still breeding 
nearby in the 1st order neighborhood (i.e. all neighbors whose territories adjoin the focal individuals’ 
territory borders) or not and tested whether this had an effect on the likelihood of having extra-pair 
paternity. Further, we calculated the change in body size of the social male by calculating the difference 
in tarsus length between the year x + 1 social male and the year x social male (analysis of female extra-
pair paternity, see Table 1). 
3. The local neighborhood. We calculated the number of neighbors using the r package “expp” (see 
above). Based on the estimated territory distribution, we defined 1st order (direct) neighbors as all 
territories sharing the focal pair’s territory border, and 2nd order neighbors as territories where one 
territory was in between. We calculated changes in the number of 1st order neighbors by dividing the 
measure in year x + 1 by the measure in year x (see Table 1, Fig. S1). In the main text, we report the 
results of analyses using this ratio. However, we repeated all analyses using the absolute change in the 
number of 1st order neighbors (Table S1-3). We also examined changes in the phenotypic composition 
of the neighborhood by calculating the average age and tarsus length of the direct neighbors (males 
or females). We assigned age as a binary variable (yearling = 1; adult = 2). The change was then 
calculated as the difference between year x + 1 and year x. Finally, we examined the change in the 
proportion of familiar female and male neighbors. We defined two birds as being familiar to each other 




been 1st order neighbors in previous years. For each focal individual we then quantified for each year 
the proportion of familiar males and females in the local neighborhood, and whether a former social 
or extra-pair partner was present. We calculated changes as the difference in the proportion of familiar 
birds between year x + 1 and year x.  
Investigating changes in extra-pair paternity between years in relation to changes in the breeding 
environment might also shed light on the general, but little-understood effect that older males are 
more successful in siring extra-pair young (Cleasby and Nakagawa 2012; Schlicht et al. 2015a; Hsu et 
al. 2017). When yearlings turn adult there might be specific changes in the environment causing this 
effect. For example, as yearlings, by definition none of the neighbors are familiar and no previous 
breeding partner can be around. To investigate such age-specific changes, we ran two separate 
analyses: one for males that turned from yearling to adult and one including only adult males.  
For all analyses, we only considered 1st order neighbors, because (a) individuals typically meet near 
territory borders, (b) most extra-territorial nestbox visits are with direct neighbors (Schlicht et al. 
2015b), and (c) the probability that a female and a male have extra-pair young together strongly 
decreases with increasing breeding distance (see Schlicht et al., 2015b; in our dataset 61% of the EP 
partners are 1st order neighbors, 23% are 2nd order neighbors). Repeating the analyses including 2nd 



















Table 1. Overview of the variables reflecting the local environmental context in which extra-pair 
paternity occurs and predictions about how they can explain between-season changes in the 













yearx+1 / yearx 
 
Individuals possessing larger territories 
may be less likely to engage in EPCs 
because the larger distance might limit 
the encounter probability with potential 
extra-pair mates [1,2,3], but see [4].  
 
An increase in territory size is associated with 





yearx+1 / yearx 
 
A higher local breeding density (i.e., a 
higher number of neighbors) should 
increase opportunities for EPCs, 
because more potential extra-pair 
partners are in close proximity [1,2,4].  
 
An increase in the number of neighbors will 





yearx+1 - yearx 
 
Larger males are more likely to gain EPP 
[5], and less likely to lose paternity [6], 
but see [7].  
Females paired with 
a larger social 
partner in yearx+1 
will have less EPP, as 
larger males might 
be better at mate 









Same  or 
different 
social partner  
in yearx+1  
 
Remaining with the same mate over 
multiple years can be seen as a sign of 
pair compatibility [8], which might 
reduce extra-pair behavior.  
 
Individuals that keep the same social partner 
might have less EPP in yearx+1  
∆ Familiar 
neighbors 
yearx+1 - yearx Familiarity among neighbors can 
facilitate extra-territorial visits through 
reduced territorial aggression [10,11] 
and familiar individuals (including 
former extra-pair or social mate) might 
be more likely to visit each other. 
Females with more 
familiar male or 
female neighbors 
will have more EPP 
in yearx+1 
Males with more 
familiar male or 
female neighbors will 








yearx+1 - yearx 
 
Adult males are more likely to gain EPP 
[5]. More adult males in the 
neighborhood might reduce the 
chances for a male to gain EPP and 
increase the probability that the female 
has EPY.  
 
If the proportion of 
yearling males 
increases, females 
will have less EPP 
If the proportion of 
yearling males 
increases, the focal 









yearx+1 - yearx 
 
Larger males are more likely to gain EPP 
[5]. Larger males in the neighborhood 
might reduce the chances for a male to 
gain EPP and increase the probability 
that the female has EPY.  
If the average size of 
neighboring males 
increases, females 
will have more EPP.  
If the average size of 
neighboring males 
decreases, males will 













yearx+1 - yearx 
 
Adult females may be more aggressive 
towards intruding neighbor females 
than yearling females. More adult 
females in the neighborhood might 
reduce the chances for a female to 
obtain EPCs.  
 
If the proportion of 
yearling females 
increases, females 









yearx+1 - yearx 
 
Larger females may be more successful 
in displacing intruding neighbor females 
than smaller females. More large 
females in the neighborhood might 
reduce the chances for a female to 
obtain EPCs.  
If the average size of 
neighboring females 
increases, females 










in yearx+1 or 
not 
 
Blue tits engage in EPCs with previous 
social partners [12].  
Individuals that have a previous social 
partner in their close neighborhood might 










in yearx+1 or 
not 
 
Blue tits may engage in EPCs with 
previous extra-pair partners. 
Individuals that have a previous extra-pair 
partner in their close neighborhood might 
have more EPP. 
* ∆ refers to the change between breeding seasons, calculated either as proportional change (yearx+1 / yearx) in 
the trait or as the difference (year x+1 – year x) in the trait.   
References: [1] Westneat & Sherman, (1997);  [2]  Thusius et al., (2001); [3]  Westneat & Mays, (2005); [4]  
Schlicht, Valcu & Kempenaers, (2015a); [5] Akçay & Roughgarden, (2007); [6] Kempenaers et al., (1992); [7] 
Strohbach et al., (1998); [8] Ihle, Kempenaers & Forstmeier, (2015); [9] Blomqvist et al., (2002); [10] Beletsky & 




Data selection and statistical analysis 
For all statistical analysis we used the software R 3.5.1 ( R Development Core Team, 2018).  
Repeatability of extra-pair paternity 
We used data from all individuals that bred in our study area in at least two years and for which 
information on extra-pair paternity was available (NMales = 221, NFemales = 233). For males and females 
separately, we calculated the repeatability of (a) the number of extra-pair partners, (b) the total 
number of extra-pair young obtained by an individual and (c) the occurrence of extra-pair paternity 
(yes/no) within a given breeding season. For males, we additionally examined the repeatability in 
paternity loss, i.e. in (d) the proportion of young in the male’s nest that were sired by another male 
(number of extra-pair young/total number of young) and in (e) the occurrence of paternity loss 




different biological meanings. For instance, high repeatability in the occurrence of extra-pair paternity 
may indicate that some females and males are more likely to engage in extra-pair behavior than others. 
The number of extra-pair young sired by males refers directly to gains in reproductive success, whereas 
the number of extra-pair young in a clutch represents both female behavior and her social mate’s 
reproductive loss. The number of extra-pair young may be influenced by the relative number and 
timing of within- and extra-pair copulations, but also by post-copulatory mechanisms, and hence may 
depend more on female identity than on male identity.  
We fitted a generalized linear mixed-effect model (GLMM) using the rpt function of the R package 
“rptR” (Stoffel et al. 2017) with a Poisson distribution for the models using the dependent variables (a) 
and (b), proportion data for (d) and binary data for the models using variable (c) and (e). As random 
intercept we included individual identity. We repeated the models including additionally either the box 
identity or the pair identity as random intercept to control for variation explained by the location 
(nestbox) or the pair. We calculated the repeatability coefficient R, its 95% confidence interval, and 
the associated p-value using 1000 bootstrapping runs. We report all repeatability estimates only on 
the original scale approximation as estimates did not differ considerably compared to the link-scale 
approximation (Nakagawa and Schielzeth 2010; Stoffel et al. 2017). For females, we repeated the 
analyses on a subset of individuals for which all eggs had been genotyped (NFemale = 83) to exclude a 
bias in the repeatability estimates due to incomplete sampling. Additionally, we calculated adjusted 
repeatabilities for females by including clutch size as a fixed effect and individual identity as random 
intercept. We included clutch size to control for the fact that extra-pair young are usually found among 
the first-laid eggs (Magrath et al. 2009), and we would thus expect a lower proportion of extra-pair 
young with increasing clutch size. Furthermore, clutch size gives an upper limit to the number of extra-
pair offspring. For males, we calculated adjusted repeatabilities by adding territory location (central or 
edge territory) as fixed effect, assuming that males breeding on the edge of the study area were more 
likely to have sired young in unsampled nests. As random intercept we included individual identity. We 
also included male age as a fixed effect, because adults are more likely to sire extra-pair young than 
yearlings (Schlicht et al. 2015).  
 
Effects of changes in the breeding environment 
To relate between-year changes in extra-pair paternity to changes in the breeding environment, we 
only included individuals that were breeding in consecutive years and for which all relevant 
information of the breeding environment (Table 1) was available for both years (NMales = 203, NFemales = 
190). We tested our general hypothesis that between-year changes in the local breeding environment 




response variables (a) change in the number of extra-pair partners, (b) change in the total number of 
extra-pair young and (c) change in status (i.e., individuals that had no extra-pair young in year x but did 
so in year x + 1 or vice versa, compared to individuals that did or did not have extra-pair offspring in 
both years). We did not examine whether between-year changes in the local breeding environment 
can explain changes in paternity loss in males as paternity loss likely depends on the female perspective 
rather than changes within the males’ local neighborhood.  
For the variables “number of extra-pair partners” and “number of extra-pair young” we calculated for 
each individual the difference between year x + 1 and year x and used this as the dependent variable 
in a linear mixed-effect model (LMM; package “lme4”, Bates et al., 2014). For females, we included 
twelve fixed effects describing changes in their breeding environment (see Table 1). We calculated 
correlation coefficients between all fixed effects to check for collinearity (Dormann et al. 2013). As 
none of the parameters strongly correlated (all r < 0.5; see Table S4, S5 in the supplementary material) 
we included all into our models. As random effects we included individual identity and year. For males, 
we constructed two models for each response variable: one including only individuals that turned from 
yearling to adult (N = 172) and one only including adult individuals (N = 49). We included nine fixed 
effects describing changes in the males’ breeding environment (see Table 1) and verified potential 
correlations as described above (all r < 0.5). As random effects we included individual identity and year 
in the models for adult males, but only year in the model for “yearling to adult” because each individual 
only appeared once in that dataset.  
For the dependent variable “change in EPP status (yes/no)” we fitted generalized linear mixed-effect 
models (GLMM; package “lme4”, Bates et al., 2014) with a binomial error structure and a logit-link 
function. For both sexes we included the same fixed effects as described for the previous models. 
However, in this case, we used absolute values, because we examined whether a change in any of the 
environmental variables can explain a change in extra-pair paternity status, regardless of the direction 
of that change (i.e. an increase or a decrease).  
All model results include adjusted approximations of the p-values based on multiple comparisons of 











Repeatability of extra-pair paternity  
For females, the repeatability of the occurrence and the number of extra-pair young in her clutch was 
small, but significant, and increased when only completely genotyped clutches were included (Table 
2). Accounting for the effect of clutch size did not affect the results (Table 2). The number of extra-pair 
sires was not significantly repeatable, even when only completely genotyped clutches were considered 
(Table 2).  
For males, the between-year repeatability of the different measures of extra-pair paternity was low 
(Table 2). The occurrence of extra-pair paternity, i.e. whether a male sired extra-pair offspring or not, 
was significantly repeatable, while the number of extra-pair young sired, the number of extra-pair 
partners and paternity loss were not (Table 2). Repeatability values did not change when controlling 
for territory location or age (Table 2).   
Repeatability estimates were somewhat higher in females than in males, but the confidence intervals 
overlapped for all metrics (Table 2). Hence, these differences may not be biologically meaningful.   
For both sexes, repeatability values for location (nestbox) and the specific partner (pair identity) were 
close to zero (Table S6 and S7).  
 
Table 2. Repeatability of extra-pair paternity (total number of extra-pair young, number of extra-pair 
mates and the occurrence of extra-pair paternity) for male and female blue tits and the repeatability 
of paternity loss in males (i.e., the proportion of young lost and the occurrence of paternity loss). 
Shown are the repeatability coefficients (R), their range, their 95% confidence intervals (CI) and the 
associated P-values. Radj refers to models controlling for the fixed effects territory location (central vs 
edge), male age (yearling vs adult) or clutch size. For females, results on the repeatability of EPP are 
once shown for all data and once only including completely genotyped clutches. Significant p values 
are indicated in bold. 
 
 
R Range 95%CI P 
Fixed 
effect 
Radj Range 95%CI P 
Males 
 
     
 
   
Number of 
EPY  
0.03 0.00 - 
0.11 
0.00  - 
0.06 
0.12 Location 0.03 0.00 - 0.10 0.00  - 0.05 0.12 
 
     Age 0.06 0.00 - 0.21 0.00 - 0.13 0.04 
          
Number of 
EP mates  
0.07 0.00 - 
0.24 
0.00  - 
0.14 
0.08 Location 0.07 0.00 - 0.22 0.00  - 0.14 0.08 











0.00  – 
0.14 
0.02 Location 0.08 0.00 - 0.20 0.00  - 0.14 0.02 










0.00  – 
0.01 
1.00 Location 0.00 0.00 - 0.03 0.00  - 0.01 1.00 
     Age 
 
0.00 0.00 - 0.23 0.00  - 0.01 1.00 
Paternity 
loss 




0.34 Location 0.01 0.00 - 0.14 0.00  - 0.08 0.34 
 
     Age 0.02 0.00 - 0.23 0.00  - 0.08 0.31 
Females  
 
    
 
   
Number of 
EPY 
         
   All 
 
0.12 0.00 - 
0.35 
 




0.10 0.00 - 0.26 0.00  - 0.18 0.004 






0.33 0.00 - 0.78 0.05 - 0.57 <0.001 
          
Number of 
EP mates 
         
   All 
 
0.00 0.00 - 
0.15 
 




0.00 0.00 - 0.12 0.00 - 0.06 1.00 
   complete 0.09 0.00 - 
0.31 




0.10 0.00 - 0.31 0.00  - 0.22 0.11 
          
EPP 
occurrence 
         
   All 
 
0.10 0.00 - 
0.22 
 




0.09 0.00 - 0.19 0.00 – 0.14 0.01 


















Effects of changes in the breeding environment 
For males, we found considerable variation in the between-year changes in the number of extra-pair 
partners (from - 4 to + 5; mean = 0.2 ± 1.0 sd) and in the number of extra-pair young sired (from - 8 to 
+ 11; mean = 0.5 ± 2.3 sd). However, these changes or the change in status were generally not predicted 
by changes in the local environment (Tables 3 and 4, Fig. 1), neither for males that turned from yearling 
to adult, nor for adult males that bred in multiple years. Only one effect was significant: a decrease in 
the average body size of male neighbors was associated with an increase in the total number of extra-
pair young sired (LMM estimate ± se: - 2.10 ± 0.72, p = 0.03).  
For females, between-year changes in the number of extra-pair partners varied between - 2 to + 3 
(mean = - 0.04 ± 0.8 sd) and changes in the number of extra-pair young varied between - 6 and + 5 
(mean = - 0.04 ± 1.5 sd). We found no evidence that changes in the local environment between years 

























Table 3. Effects of changes in the local social environment on between-year changes in levels of 
extra-pair paternity for yearling male blue tits that become adult (N = 172). Extra-pair paternity is 
measured as the change in the number of females with whom a male sired extra-pair offspring (EP 
females), the number of young a male sired (EPY) and whether a male changed its’ EPP status (i.e., 
changed or remained the same). See methods for details on the models. 
 
 






t P  
Estimate 
± SE 






















0.04 1.00  -0.15 
± 0.44 




Territory size -0.18 
± 0.10 
 
-1.89 0.37  -0.16 
± 0.21 








-0.85 0.98  0.02 
± 0.22 









-0.07 1.00  -0.43 
± 0.49 









-0.72 0.99  -0.53 
± 0.52 








1.06 0.93  0.62 
± 0.81 









-0.36 0.99  -0.25 
± 0.81 









0.07 1.00  0.003 
± 0.66 







Not applicable as a previous extra- 
pair partner was only present in one  
case 








Table 4. Effects of changes in the local environment on between-year changes in levels of extra-pair 
paternity for adult male blue tits (N = 49). Extra-pair paternity is measured as the change in the 
number of females with whom a male sired extra-pair offspring (EP females), the number of young a 
male sired (EPY) and whether a male changed its’ EPP status (i.e., changed or remained the same). 
See methods for details on the models. Significant p values are indicated in bold. 
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Estimate 
± SE 










    
1.41 
± 0.73 









-1.56 0.65  -1.07 
± 0.61 
-1.74 0.52  -0.67 
± 0.59 
-1.14 0.92 
Territory size -0.09 
± 0.08 
-1.10 0.93  -0.14 
± 0.23 









-0.13 1.00  0.25 
± 0.26 









2.31 0.17  0.98 
± 0.72 









-2.15 0.24  -2.10 
± 0.72 








1.73 0.52  1.32 
± 0.97 









1.71 0.54  0.67 
± 0.80 









-1.45 0.73  -0.87 
± 0.65 









-1.68 0.56  -1.62 
± 0.90 









Table 5. Effects of changes in the local environment on between-year changes in levels of extra-pair 
paternity for female blue tits (N = 190). Extra-pair paternity is measured as the number of males that 
sired extra-pair offspring in the female’s clutch (EP males), the number of extra-pair young in the 
clutch (EPY) and whether a female changed its’ EPP status (i.e., changed or remained the same). See 
methods for details on the models. 
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Estimate 
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- 0.05 1.00  - 0.06 
± 0.17 
 
- 0.36 0.99  -0.40 
± 0.26 
-1.55 0.77 
Territory size 0.10 
± 0.05 
 
2.06 0.36  0.13 
± 0.10 
 









1.83 0.54  0.11 
± 0.22 
 
0.50 0.99  0.87 
± 0.39 
2.24 0.26 






1.83 0.54  - 0.03 
± 0.15 
 









0.01 1.00  0.35 
± 0.35 
 








0.29 1.00  -0.18 
± 0.41 
 








0.49 0.99  0.24 
± 0.29 








0.70 0.99  0.05 
± 0.33 
 









-1.91 0.48  -0.71 
± 0.32 
 









0.05 1.00  -0.21 
± 0.32 
 









0.02 1.00  -0.10 
± 0.29 
 








-2.74 0.07  -0.83 
± 0.38 








Figure 1. Between-year changes (Δ) in the number of extra-pair young a male blue tit sired in relation 
to changes in the local breeding environment. (a) Change in the number of neighbors (rangeYEARLING TO 
ADULT=0.50-2.30 , meanYEARLING TO ADULT=1.08; rangeONLY ADULT=0.33-2.00 , meanONLY ADULT=1.05); (b) change 
in territory size (rangeYEARLING TO ADULT=0.15-4.18, meanYEARLING TO ADULT=1.16; rangeONLY ADULT=0.34-3.59 , 
meanONLY ADULT=1.08; estimated based on Dirichlet tiles); (c) change of social partner (yes/no); (d) 
change in the proportion of yearling male neighbors (rangeYEARLING TO ADULT=-1.00-0.86, meanYEARLING TO 
ADULT=-0.02; rangeONLY ADULT=-1.00-1.00 , meanONLY ADULT=0.01); (e) change in the mean tarsus length of 
male neighbors (rangeYEARLING TO ADULT=-0.80-0.76, meanYEARLING TO ADULT=0.02; rangeONLY ADULT=-0.64-0.93 , 
meanONLY ADULT=0.06); (f) change in the proportion of familiar male neighbors (rangeYEARLING TO 
ADULT=0.00-1.00, meanYEARLING TO ADULT=0.35; rangeONLY ADULT=-0.75-0.75 , meanONLY ADULT=0.09); (g) change 
in the proportion of familiar female neighbors (rangeYEARLING TO ADULT=0.00-1.00 , meanYEARLING TO 
ADULT=0.27; rangeONLY ADULT=-1.00-0.80 , meanONLY ADULT=0.07); (h) whether the former social partner was 
still present in the neighborhood (yes/no); (i) whether a former extra-pair partner was still present in 
the neighborhood (yes/no).  Individuals that turned from yearling to adult (N = 172) are shown in red, 
adult males (N = 49) are shown in blue. In (c), (h) and (i) boxplots show the minimum values, lower 




Yes=22; only adult: No=98, Yes=26; (h): Yearling to adult: No=162, Yes=10; only adult: No=106, 
Yes=18) ; (i): Yearling to adult: No=171, Yes=1; only adult: No=116, Yes=8). We found a significant 
relationship between the mean tarsus length of male neighbors and changes in the number of EPY 
gained for adult males which is why we added in (e) a linear regression line (in blue) and 95% 
confidence intervals from the LMM described in the main text (in grey). See methods for variable and 










Figure 2. Between-year changes (Δ) in the number of extra-pair young in a female blue tit’s clutch in 
relation to changes in the local breeding environment (N = 190 females). (a) Change in the number of 
neighbors (range=0.14-5.00 , mean=1.13); (b) change in territory size (estimated based on Dirichlet 
tiles; range=0.23-3.72, mean=1.12); (c) change of social partner (yes/no); (d) change in tarsus length 
of the social partner (range=-1.59-1.60 , mean=0.03); (e) change in the proportion of familiar male 
neighbors (range=-0.83-1.00 , mean=0.20); (f) change in the proportion of familiar female neighbors 
(range=-0.75-1.00 , mean=0.16); (g) change in the mean tarsus length of male neighbors (range=-
0.79-1.00 , mean=-0.002); (h) change in the proportion of yearling male neighbors (range=-1.00-1.00 , 




0.02); (j) change in the proportion of yearling female neighbors (range=-1.00-1.00 , mean=-0.02); (k) 
whether the former social partner was still present in the neighborhood (yes/no); (l) whether a 
former extra-pair partner was still present in the neighborhood (yes/no). In (c), (k) and (l) box plots 
show the minimum values, lower quartile, median, upper quartile, maximum values and outliers ((c): 
No=248 cases, Yes=65; (k): No=278, Yes=35; (l): No=295, Yes=18). See methods for variable 




Many studies aimed to determine the underlying causes of the observed individual variation in the 
expression of extra-pair paternity (Schlicht et al. 2015a; Baldassarre et al. 2016; Johnsen et al. 2017; 
Edwards et al. 2018). However, our understanding of this variation remains limited. We studied 
changes in levels of extra-pair paternity for the same individuals that bred in different years. Using a 
long-term dataset from a blue tit population, we investigated (1) to what extent extra-pair paternity 
patterns are repeatable for an individual and (2) whether between-year changes in the local breeding 
environment can explain within-individual changes in measures of extra-pair paternity. Overall, our 
results show relatively low, but significant repeatability of extra-pair paternity patterns and little effect 
of changes in the local environment. Although we cannot exclude that other, unmeasured individual 
or environmental changes play a role, variation in levels of extra-pair paternity may also be due to 
chance events, at least to some extent. 
Repeatability of extra-pair paternity 
Extra-pair matings have the potential to increase the intensity of sexual selection if males with specific 
phenotypic traits are more successful in acquiring extra-pair matings (Møller and Birkhead 1994; 
Webster et al. 1995). Alternatively, extra-pair paternity can have no impact on the strength of sexual 
selection if for instance all males have an equal likelihood to gain extra-pair young (Schlicht and 
Kempenaers 2011), or it may even decrease the strength of sexual selection if extra-pair sires are often 
males that failed to acquire a social mate (Lebigre et al. 2012).  
Estimates of repeatability can be used to evaluate the consistency of a trait and to provide an upper 
limit for its heritability and hence for the potential for (sexual) selection. Several studies have 
estimated the repeatability of different behaviors ranging from exploratory behavior to mate 
preferences and foraging (average of 759 repeatability estimates across different behaviors and 
species: R=0.37; Bell et al. 2009). Repeatability estimates of extra-pair paternity vary considerably (see 
above), with some reports of high estimates such as in female tree swallows (Tachycineta bicolor) for 




suggesting that these behaviors may be heritable and can undergo selection (Whittingham et al. 2006). 
The repeatability of patterns of extra-pair paternity in blue tits was generally low for both sexes, but 
significant for the occurrence and the number of extra-pair young in females and for the occurrence 
of extra-pair paternity in males, despite considerable between-year changes in the local breeding 
context (see data distributions in Fig. 1 and 2, Table 2). The repeatability of extra-pair paternity did not 
increase when individuals retained the same social partner between years and we also found no 
evidence that extra-pair paternity levels were location-specific (no effect of nestbox identity).  
The low repeatabilities reported in our study may partly be due to measurement errors caused by 
incomplete sampling, because repeatability estimates of female extra-pair paternity levels increased 
somewhat when only completely genotyped clutches were included (Table 2). Our results suggest that 
females are to some extent consistent in the likelihood to have extra-pair offspring and in the number 
of extra-pair young they produce. The number of extra-pair sires was not repeatable and may rather 
depend on aspects of the breeding neighborhood (e.g. the number of mates available), the timing of 
extra-pair copulations or the phenotypes of the extra-pair male(s), including variation in sperm quality 
and quantity. In some other species, repeatability estimates were moderate to high (see above), 
further suggesting that female extra-pair paternity is an individual-specific trait. The underlying cause 
of the significant repeatability in female extra-pair paternity and potential targets of selection could 
be for instance individual differences in the tendency to engage in extra-pair copulations (Forstmeier 
2007) or individual differences in the frequency of within-pair copulations. Studies on the heritability 
of female extra-pair behavior are rare. In song sparrows (Melospiza melodia), the proportion of extra-
pair young in a clutch showed an estimated heritability of 0.12 (Reid et al. 2010). In zebra finches 
(Taeniopygia guttata), the responsiveness to extra-pair courtships was also heritable (h2 = 0.11; 
Forstmeier et al. 2011). However, more research will be needed to show that female extra-pair 
paternity or the underlying behavioral traits are heritable.  
In males, consistency in extra-pair paternity loss or gain can indicate that specific individual 
characteristics increase the probability to successfully engage in extra-pair copulations or to 
successfully defend paternity, which in turn may result in sexual selection. This would for instance be 
the case if females prefer to copulate with males of a specific phenotype (Weatherhead and Boag 
1995; Yezerinac and Weatherhead 1997; Whittingham and Dunn 2016). Male blue tits showed 
significant repeatability only in whether they obtained extra-pair offspring, but not in the number of 
extra-pair partners or in the number of extra-pair young gained. This indicates that certain male 
phenotypes may consistently be more likely to sire extra-pair young, while the number of offspring 
sired and with how many extra-pair partners may depend more on the composition of the breeding 




competition). Our findings and previous studies reported low repeatabilities for extra-pair paternity in 
males (see Introduction), suggesting that extra-pair paternity is not simply an individual-specific trait. 
Repeatability estimates in males might also be lower due to incomplete sampling. This is hard to avoid 
in natural populations, because males may have sired extra-pair young in broods that were not or not 
completely genotyped (e.g. abandoned clutches, broods in natural cavities in- or outside the study 
area). To reduce this effect, we repeated the analyses controlling for territory location (i.e., edge or 
central territory), assuming that males breeding on the edge of the study site are more likely to sire 
young in unsampled broods. However, this did not change the repeatability estimates qualitatively 
(Table 2).  
Taken together, the observed low repeatabilities of measures of extra-pair paternity in both sexes 
suggest that extra-pair paternity may not cause strong sexual selection. A previous study on blue tits 
showed that the contribution of extra-pair paternity to variance in overall male reproductive success 
was small but significant (Schlicht and Kempenaers 2013). As expected, estimates of the potential for 
sexual selection were higher for males than for females, but opportunities for sexual selection may still 
be limited. The authors concluded that variation in reproductive success may largely be caused by 
stochastic processes, and was unrelated to phenotypic traits, which is in line with our findings.  
Studies on zebra finches in aviaries showed that the number of extra-pair courtships (i.e., mating 
effort) performed by males and the responsiveness of females to extra-pair courtships are highly 
repeatable, heritable traits that contribute to the occurrence of extra-pair copulations and the 
resulting levels of extra-pair paternity (Forstmeier 2004; Forstmeier 2007; Forstmeier et al. 2011). 
Thus, an alternative or additional explanation for the low repeatability reported in our study is related 
to the fact that most studies – including ours – only measure the outcome of extra-pair behavior in 
terms of paternity. In natural systems, we still do not know to which extent variation in extra-pair 
paternity patterns reflects variation in extra-pair behavior of individuals and in the number of extra-
pair copulations they obtained. Many extra-pair copulations may not lead to fertilizations (Hunter et 
al. 1992) and hence remain undetected (Girndt et al. 2018). Extra-pair paternity emerges from a series 
of behavioral and physiological processes involving multiple individuals. Thus, for an extra-pair 
copulation to successfully fertilize an egg, other factors such as the number and timing of within-pair 
copulations, ejaculate size, and the relative competitiveness of sperm from different males will also 
play a role. These factors are hard if not impossible to control for, but likely influence the observed 
levels of paternity and contribute to the “unexplained variation”. In most natural situations, accurately 
recording extra-pair (and within-pair) copulations is not feasible (but see Hunter et al. 1992). However, 
individual repeatability in extra-pair behavior can be investigated either in colony breeders (e.g., 




Effects of changes in the local breeding environment 
Most studies investigating effects of the local environment on extra-pair paternity considered among-
individual variation within a given breeding season instead of within-individual variation across 
seasons. Such approach does not allow to disentangle whether variation in extra-pair paternity is 
caused by environmental or individual-specific differences. Here, we find that changes in the breeding 
environment between years had little effect on individual-level changes in the occurrence or frequency 
of extra-pair paternity. We considered the effect of two potentially important aspects of the social 
context in which extra-pair behavior occurs. First, we investigated the characteristics of the local 
neighborhood, that is, the phenotypic composition, in terms of male traits known to explain extra-pair 
paternity patterns in blue tits within a given season (age and body size, Schlicht et al., 2015b), in terms 
of female traits potentially reflecting dominance or competitive ability (age and body size) and in terms 
of the familiarity of the focal individuals with their neighbors (proportion of familiar neighbors).  
For adult males, a decrease in average body size of their male neighbors was associated with a higher 
number of extra-pair offspring sired (Table 4). In blue tits, extra-pair males are typically larger than 
within-pair males (Kempenaers et al. 1997), and hence smaller males in the neighborhood might have 
increased the chances for a male to sire extra-pair offspring. If this result is robust, it suggests that 
extra-pair mating success may depend on the competitiveness of a male relative to its neighbors (male-
male competition). In females, variation in the competitiveness of the breeding neighborhood did not 
explain between-year changes in extra-pair paternity (Table 5). Similarly, in great tits, the phenotypic 
composition of the neighborhood (in this case age and exploration behavior of both sexes) was not 
related to patterns of extra-pair paternity within years (Roth et al. 2019). Although familiarity among 
neighbors could potentially also enhance the probability of extra-pair copulations, we found no 
evidence for such effects. 
Second, we investigated whether between-year changes in extra-pair paternity could be explained by 
the presence of the social partner from the previous breeding season. We considered the effect of 
having the same or a different social partner, or of having the former social partner still present in the 
local neighborhood. Neither of these factors explained changes in patterns of extra-pair paternity in 
males or in females. Similarly, a study on patterns of extra-pair paternity in two other blue tit 
populations in France (Charmantier and Blondel 2003) reported no effect of mate fidelity (i.e. breeding 
with the same or a different social partner). Furthermore, if mate fidelity plays a role, we would expect 
a higher repeatability of extra-pair paternity for pairs, as reported in coal tits (Parus ater); repeatability 
in the number of extra-pair young produced was high for pairs staying together but decreased in cases 
of mate change (Dietrich et al. 2004). In our blue tit population, however, repeatability did not increase 




Other unmeasured individual and/or environmental aspects might explain variation in extra-pair 
paternity. For instance, extra-pair siring success in male blue tits has been related to plumage 
coloration or song characteristics (Delhey et al. 2006; Poesel et al. 2006; Poesel et al. 2011). Thus, 
considering changes in the expression of these traits within the close neighborhood may better explain 
changes in extra-pair paternity. Further, these individual traits can change over the course of a lifetime. 
For instance, American redstarts (Setophaga ruticilla) were most colorful in their second breeding 
season (Marini et al. 2015; Reudink et al. 2015), and in blue tits, crown coloration (Delhey and 
Kempenaers 2006) and song characteristics differ with age (Poesel et al. 2006). Investigating within-
individual changes in such traits may potentially explain changes in extra-pair success and could also 
shed light on the little understood effect of male age on extra-pair paternity. Finally, environmental 
factors such as weather conditions (Bouwman and Komdeur 2006; Grant and Grant 2019) or food 
availability (Václav et al. 2003) may cause changes in social structure (prior or during breeding) or in 
the costs of engaging in extra-pair copulations and consequently may alter patterns of extra-pair 
paternity.  
Extra-pair paternity is inherently a social process involving several individuals. Thus, the probability to 
engage in extra-pair copulations may be predicted better by recent interactions between individuals 
(i.e. between social pairs and potential extra-pair partners) rather than by events from the previous 
breeding season or by individual-specific phenotypic traits. For instance, blue tits frequently interact 
in larger flocks during winter. These associations seem to play an important role in the formation of 
social pairs (Smith 1984; Culina 2014; Gilsenan et al. 2017), in extra-pair associations (Beck et al. 2020) 
and in the composition of breeding neighborhoods (Firth and Sheldon 2016). Furthermore, it might be 
interesting to study the number and timing of interactions between close neighbors after settlement 
at the breeding box (i.e. when nest building had started) and during the fertile period of the female 
(Schlicht et al. 2015b). Such data would allow to examine the intensity of mate guarding and effects of 
local breeding synchrony (i.e. the overlap in fertile period of females in the close neighborhood) in 
relation to patterns of extra-pair paternity.   
Lastly, we examined whether adult males sired more extra-pair offspring than yearlings because they 
experienced a different (social) environment. Yearling males by definition breed for the first time, 
implying that they have no familiar neighbors from previous breeding seasons and no former partner(s) 
that can still breed nearby. However, we found no evidence for an effect of changes in the number of 
familiar neighbors from previous breeding seasons or in other aspects of the local environment on 
extra-pair success, either for males that bred first as yearling and then as adult, or for adult males that 
bred in multiple years (Table 3, 4). A recent study on captive house sparrows showed that although 




not differ in their success in obtaining extra-pair copulations (Girndt et al. 2018). However, adult males 
delivered almost three times more sperm to the female’s egg than young males (as estimated by 
counting sperm on the perivitelline membrane; Girndt et al. 2019), suggesting that post-copulatory 
mechanisms (sperm competition) may play a role rather than differences in local environment or male 
attractiveness.  
 
Conclusions and future directions  
This study shows that extra-pair paternity in blue tits is somewhat repeatable, perhaps more so for 
females than for males. Individual-level changes in patterns of extra-pair paternity between years were 
largely independent of changes in the local, social neighborhood, including changes in territory size 
(local breeding density), the identity of the social partner and the composition of the neighborhood. 
Males however were more likely to sire extra-pair young when their neighbors were smaller, an effect 
that – if true – suggests that the relative competitive ability of males is important. Alternatively, 
changes in other, unmeasured aspects of the local environment, such as associations or interactions 
between individuals prior to breeding, and individual qualities such as plumage color or song 
characteristics, may be important determinants of extra-pair paternity. Although the readiness to 
engage in extra-pair behavior may be an individual-specific trait, extra-pair paternity is the ultimate 
outcome of behavioral events and physiological processes involving several individuals. Therefore, 
variation in extra-pair paternity may also depend to some extent on coincidental opportunities, such 
as “chance meetings” between two individuals that are willing to copulate and can do so without 
disturbance, or to other “chance events” such as the exact timing of within- and extra-pair copulations 
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Figure S1. Schematic illustration of the different environmental contexts in which extra-pair paternity 
occurs that can change for an individual from one breeding season to the next (year x to year x+1). 
The focal individual (here a male) is represented in red, neighbors and the social partner in black. 
Breeding territories are represented by polygons. The corresponding context which might change 











Table S1. Effects of changes in the local environment on between-year changes in levels of extra-pair 
paternity for yearling male blue tits that become adult (N=172). Extra-pair paternity is measured as 
the change in the number of females with whom a male sired extra-pair offspring (EP females), the 
number of young a male sired (EPY) and whether a male changed its’ EPP status (i.e., changed or 
remained the same). The change in territory size and the number of neighbors was here calculated as 









t p  
Estimate 
± SE 
























0.13 1.00  -0.03 
±0.15 
-0.16 0.99  -0.38 
±0.29 
-1.31 0.81 
Territory size -0.13 
± 0.07 
-1.84 0.41  -0.07 
±0.16 
 








-0.83 0.98  0.03 
±0.22 









-0.02 1.00  -0.42 
±0.49 









-0.82 0.98  -0.53 
±0.52 








1.07 0.92  0.60 
±0.81 









-0.32 0.99  -0.25 
±0.81 









-0.07 1.00  -0.02 
±0.66 











Table S2. Effects of changes in the local environment on between-year changes in levels of extra-pair 
paternity for adult male blue tits (N=49). Extra-pair paternity is measured as the change in the 
number of females with whom a male sired extra-pair offspring (EP females), the number of young a 
male sired (EPY) and whether a male changed its’ EPP status (i.e., changed or remained the same). 
The change in territory size and the number of neighbors was here calculated as difference and not 
as proportion and both variables were standardized. See methods for details on the models. 
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Estimate 
± SE 
























-1.54 0.68  -0.48 
±0.23 
-2.13 0.25  0.33 
±0.35 
0.94 0.97 
Territory size -0.10 
± 0.09 
 
-1.20 0.89  -0.13 
±0.23 








-0.36 0.99  0.19 
±0.26 









1.87 0.41  0.74 
±0.72 









-1.81 0.46  -1.86 
±0.72 








1.41 0.77  1.05 
±0.96 









1.82 0.46  0.71 
±0.80 









-1.37 0.80  -0.81 
±0.66 









-1.64 0.59  -1.56 
±0.90 











Table S3. Effects of changes in the local environment on between-year changes in levels of extra-pair 
paternity for female blue tits (N=190). Extra-pair paternity is measured as the change in the number 
of males with whom a female sired extra-pair offspring (EP males), the number of young within the 
females clutch (EPY) and whether a female changed its’ EPP status (i.e., changed or remained the 
same). The change in territory size and the number of neighbors was here calculated as difference 
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Estimate 
± SE 







 - 0.08 
± 0.06 
 
    
 - 0.06 
± 0.13 
 










0.69 0.99  0.003 
±0.05 
0.06 1.00  -0.09 
± 0.12 
-0.77 0.99 
Territory size 0.08 
±0.05 
1.60 0.72  0.08 
±0.10 









1.79 0.57  0.10 
±0.22 
0.44 0.99  0.84 
± 0.39 
2.17 0.30 





1.85 0.52  -0.03 
±0.15 








-0.003 1.00  0.35 
±0.36 








0.30 0.99  -0.18 
±0.41 








0.61 0.99  0.26 
±0.29 








0.60 0.99  0.03 
±0.33 









-1.98 0.42  -0.73 
± 0.32 
 









-0.01 1.00  -0.23 
± 0.32 
 








0.03 1.00  -0.09 
±0.29 








-2.80 0.06  -0.85 
±0.38 






Table S4. Table showing the correlation coefficients of all fixed effects included in the female model 
(excluding the categorical variables). In addition, we calculated the variance inflation factor (VIF) for 
all fixed effects in each model (including the categorical variables). The VIF was well below the 






































-0.010        
Territory size 0.297 0.074       
Proportion 
familiar males 


























Table S5. Table showing the correlation coefficients of all fixed effects included in the models on 
yearling males turning adult and only adults (in italic), excluding the categorical variables. In addition, 
we calculated the variance inflation factor (VIF) for all fixed effects for each model (including the 
categorical variables). The VIF was well below the threshold in all cases (Range in males turning from 









































































Table S6. Repeatability of extra-pair paternity (total number of extra-pair young, number of extra-
pair mates and the occurrence of extra-pair paternity) for male and female blue tits and the 
repeatability of paternity loss in males (i.e., the number of young lost and the occurrence of paternity 
loss). Shown are the repeatability coefficients (R), their 95% confidence intervals (CI) and the 









R 95%CI P  R 95%CI P 
Males 
 
    
 
  
Number of EPY  0.03 0.00 - 0.06 0.12  0.00 0.00 – 0.02 1.00 
        
Number of EP 
mates 
 
0.06 0.00 - 0.15 0.14  0.03 0.00 – 0.10 0.27 
EPP occurrence 0.07 
 






0.00 – 0.02 0.50  0.01 0.00 – 0.03 0.10 
Paternity loss  
0.00 
 
0.00 – 0.06 1.00  0.04 0.00 – 0.10 0.13 
Females  
 
   
 
  
Number of EPY 0.12 0 - 0.21 0.003 
 
 0.04 0.00 - 0.11 0.12 
Number of EP 
mates 
0.00 0 - 0.05 0.50  0.00 0.00 - 0.05 1.00 
        
EPP occurrence 
 













Table S7. Repeatability of extra-pair paternity (total number of extra-pair young, number of extra-
pair mates, the occurrence of extra-pair paternity) for male and female blue tits and the repeatability 
of paternity loss in males (i.e., the number of young lost and the occurrence of paternity loss). Shown 
are the repeatability coefficients (R), their 95% confidence intervals (CI) and the associated P-values 









R 95%CI P  R 95%CI P 
Males 
 
    
 
  
Number of EPY  0.01 0.00 - 0.02 0.40  0.02 0.00 – 0.20 0.34 
        
Number of EP mates 
 
0.04 0.00 - 0.11 0.22  0.09 0.00 – 0.32 0.18 
EPP occurrence 0.06 
 
0.00 - 0.11 0.09  0.00 0.00 – 0.04 1.00 









0.00 - 0.05 1.00  0.00 0.00 – 0.21 0.50 
Females  
 
   
 
  
Number of EPY 0.12 0.00 - 0.20 0.003 
 
 0.04 0.00 - 0.11 0.12 
Number of EP mates 
 
0.00 0.00 - 0.06 0.50  0.00 0.00 - 0.12 1.00 
EPP occurrence 
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Cooperative neighbourhood benefits are not a major driver of extra-pair 
paternity in blue tits  
Kristina B. Beck, Peter Santema, Lotte Schlicht, Bart Kempenaers 
  
Why females of socially monogamous species engage in extra-pair copulations is a long-standing 
question in behavioural ecology. It has recently been proposed that females may benefit if extra-pair 
copulations incentivize males to extend focus from their own brood towards the entire 
neighbourhood in which they may have sired extra-pair young. This would generate a more 
cooperative neighbourhood which would benefit the extra-pair female, as well as other individuals 
breeding in such an environment. Using twelve years of data from a population of blue tits (Cyanistes 
caeruleus), we examined whether having extra-pair young or breeding in a neighbourhood with a 
higher prevalence of extra-pair paternity was associated with improved breeding success or survival. 
Nests that contained extra-pair young or nests in a neighbourhood with more extra-pair paternity 
were not more likely to produce fledglings, did not have higher fledging success and did not produce 
nestlings in better condition. We also found no effects on survival of offspring and males, although 
there was some indication that females breeding in a neighbourhood with more extra-pair paternity 
were more likely to survive. Although we measured behaviour indirectly through its outcome on 
paternity, our findings suggest that it is unlikely that female extra-pair behaviour in blue tits arises 













Most of the studied socially monogamous bird species engage in sexual behaviour outside the pair-
bond, often resulting in extra-pair paternity (EPP) (Petrie and Kempenaers 1998; Griffith et al. 2002; 
Westneat and Stewart 2003; Brouwer and Griffith 2019). The advantage of extra-pair copulations 
(EPCs) for males is clear as they can increase their fitness by gaining additional offspring without 
providing additional care. However, it remains controversial whether and how females benefit from 
extra-pair copulations. Extra-pair copulations do not increase the number of offspring produced and 
may involve costs such as sexually transmitted diseases, reduced paternal care and physical 
punishment by the social male (Poiani and Wilks 2000; Arnqvist and Kirkpatrick 2005; Sardell et al. 
2012; Forstmeier et al. 2014; Hsu et al. 2014; Plaza et al. 2019). However, in several species females 
actively solicit extra-pair copulations (Kempenaers et al. 1992; Birkhead and Møller 1993; Sheldon 
1994; Forstmeier 2007), suggesting that either females acquire benefits from this behaviour, or that 
the behaviour has evolved as a side-effect of selection on male promiscuity (Forstmeier et al. 2011; 
but see Wang et al. 2019).  
Several benefits of female extra-pair behaviour have been proposed. Among those, indirect, genetic 
benefits received much attention in the past (Jennions and Petrie 2000; Akçay and Roughgarden 
2007). Genetic benefits can only occur if extra-pair copulations lead to extra-pair paternity (Akçay 
and Roughgarden 2007; Mays et al. 2008). They include the production of more attractive offspring 
(“sexy sons”), higher quality offspring (through good genes or higher genetic diversity) or more 
genetically diverse offspring (“bet-hedging”; reviewed in Westneat et al. 1990; Kempenaers and 
Dhondt 1993; Jennions and Petrie 2000; Griffith et al. 2002). However, most studies found no or 
weak evidence for indirect benefits (Akçay and Roughgarden 2007) or even showed fitness costs of 
extra-pair paternity (Sardell et al. 2012; Forstmeier et al. 2014; Hsu et al. 2014).  
In contrast, direct benefits of extra-pair copulations can arise from the behaviour itself, i.e. they do 
not necessarily require that the copulations lead to fertilizations (Petrie and Kempenaers 1998), and 
they can come in a variety of forms at different stages of reproduction. For example, females can 
ensure fertilization of their eggs (Sheldon 1994), they can benefit from increased predator mobbing 
by the extra-pair male (Gray 1997a), or from a higher tolerance while foraging in the extra-pair 
male’s territory (Gray 1997a), or they can receive additional parental care from the extra-pair male 
(Townsend et al. 2010). Receiving such direct benefits should increase female fitness by improving 
reproductive success (Gray 1997b).  
Recently, Eliassen and Jørgensen (2014) proposed an additional direct benefit. Based on a theoretical 




females could incentivize males to extend their focus from a single brood towards the entire 
neighbourhood (‘cooperative neighbourhood hypothesis’). Thus, besides providing parental care at 
their own nest, extra-pair males should engage in activities such as vigilance and predator mobbing 
that benefit the entire neighbourhood, and they may also become more tolerant towards neighbours 
foraging in their territory. Consequently, selection might favour females that engage in extra-pair 
copulations with neighbouring males, because it creates a safer and more productive breeding 
environment. Importantly, in such a scenario not only the female that performs the behaviour would 
benefit, but the entire neighbourhood.  
The ‘cooperative neighbourhood hypothesis’ is consistent with several common observations. For 
instance, extra-pair sires are typically close neighbours (Komdeur 2001; Schlicht et al. 2015), levels of 
extra-pair paternity often correlate with breeding density (Westneat and Sherman 1997; Schlicht et 
al. 2015) and help by extra-pair males has been observed in some species (in blue tits: Kempenaers 
1993; in american crows (Corvus brachyrhynchos): Townsend et al. 2010). However, the ultimate 
consequence of receiving direct benefits from extra-pair copulations – whether through additional 
care for the extra-pair female’s brood or through a more cooperative neighbourhood – is that broods 
or social parents with extra-pair young or located in a neighbourhood with a higher prevalence of 
extra-pair behaviour should do better in terms of survival. Yet, few empirical studies have assessed 
such direct fitness benefits of female extra-pair behaviour (Gray 1997b; Gray 1997a; Sheldon and 
Mangel 2014; Mennerat et al. 2018).  
Here, we examined in a population of blue tits (Cyanistes caeruleus) whether reproductive success 
and adult survival is related to (a) the occurrence of extra-pair young in the brood or (b) to being 
located in a neighbourhood with a higher prevalence of extra-pair paternity. We did not investigate 
extra-pair copulations directly, because it is not feasible to obtain a comprehensive dataset for this 
population. Instead, we used the resulting extra-pair paternity as a proxy for extra-pair behaviour. 
During the breeding season (March – June), blue tits form socially monogamous pairs and extra-pair 
paternity is common (about half of the broods contain at least one extra-pair young and 10-15 % of 
all offspring are sired by extra-pair males; Kempenaers et al. 1992; Kempenaers 1997; Delhey et al. 
2003). Blue tits fulfil several of the predictions of the ‘cooperative neighbourhood hypothesis’, as 
outlined in Eliassen and Jørgensen (2014). For instance, extra-pair partners are mostly close 
neighbours (Schlicht et al. 2015), levels of extra-pair paternity depend on the breeding density 
(Schlicht et al. 2015) and help by an extra-pair male in feeding and predator defence has been 
recorded anecdotally (Kempenaers 1993). Thus, the blue tit seems a suitable study species to test the 




We used data from twelve breeding seasons to examine whether brood success and parental survival 
were related to patterns of extra-pair paternity. Specifically, we tested the following predictions. (i) 
Broods with extra-pair young or broods in neighbourhoods with higher levels of extra-pair paternity 
should be less likely to fail completely. Reduced brood failure might arise because of a reduced risk of 
brood predation when extra-pair males help mobbing predators of nestlings (e.g. woodpeckers), or 
because of a reduced risk of parental predation – a known cause of brood failure in blue tits 
(Santema and Kempenaers 2018). (ii) Broods with extra-pair young or broods in neighbourhoods with 
higher levels of extra-pair paternity should have fledglings of higher body mass and a higher fledging 
success. These effects are expected if extra-pair males directly contribute to offspring care or if they 
allow parents to invest more in offspring care, e.g. by creating a safer neighbourhood. In combination 
with extra-pair males mobbing predators after fledging, this potentially could lead to higher local 
recruitment. (iii) Social parents from broods with extra-pair young or social parents from 
neighbourhoods with high levels of extra-pair paternity should have a higher probability of survival to 
the next breeding season. Higher survival is predicted when extra-pair males alert others to danger 
(reduced likelihood of predation) or when extra-pair males invest in the focal brood (reduced 




Between 2007 and 2018, we studied a population of blue tits breeding in nest boxes in a mixed-
deciduous woodland near Landsberg am Lech, Germany (“Westerholz”, 48°08′26’’N 10°53′29’’E, ca. 
40ha; for more details see Schlicht et al. 2012). The site contains 277 wooden, small-holed (diameter 
26 mm) nest boxes. During each breeding season, nest boxes were checked at least once per week 
(from mid-March onwards) to monitor nest-building activity and clutch size and boxes were checked 
daily to determine laying onset (date of first egg), and the date(s) of hatching and fledging.   
Adult blue tits were either trapped inside the nest box during the nestling provisioning phase 
(nestling age: 8–12 days) or throughout the winter with either mist-nets (since 2014) or by catching 
roosting individuals inside the nest box during the night. Each bird was equipped with a metal ring 
and 1–3 colour rings. When nestlings were 14 days old, we banded and weighed them. From all 
adults and nestlings we took a small (5–10µl) blood sample for paternity analysis and sexing. We also 
collected any unhatched eggs and dead young when the oldest nestling was 5 days old for later 





Data on extra-pair paternity 
We extracted DNA from all blood samples and – when possible – from embryo or nestling tissue. For 
genotyping, we used 14 microsatellite markers (ADCbm; ClkpolyQ; Mcµ4; PAT MP 2-43; Pca3, Pca4, 
Pca7, Pca8, Pca9; Phtr3 (until 2017); PK11, PK12; PmaTAGAn71 (from 2018 onwards); POCC1, and 
POCC6. Microsatellite amplifications were performed in multiplexed PCRs with primer mixes 
containing two to five primer pairs (Table S1). Each 10μl multiplex PCR contained 20–80ng DNA (see 
the supplementary material for PCR cycling conditions). We compared the genotypes of parents and 
their offspring using the software CERVUS (Kalinowski et al. 2007). This allowed us to determine 
whether a brood contained extra-pair young and which males sired extra-pair young. Our data 
underestimate the number of males and females that engaged in extra-pair copulations, for two 
reasons. (i) We only detected extra-pair events if they led to extra-pair paternity. This is unavoidable, 
because it is not feasible to observe all copulations. (ii) In 24% of the nests at least one egg was not 
genotyped, leading to an underestimation of the proportion of nests containing extra-pair young. To 
assess the importance of this limitation, we repeated all analyses including only data of completely 
genotyped nests.  
 
Statistical analysis 
We included data from twelve breeding seasons (2007-2018) and investigated whether the 
occurrence of extra-pair young in the nest and the proportion of nests with extra-pair young in the 
close neighbourhood are related to (i) the probability of complete brood failure (no hatchlings 
fledged, yes/no) and – for nests that did not fail – (ii) the proportion of hatchlings that fledged, (iii) 
whether the nest produced a local recruit, i.e. whether at least one fledgling was detected breeding 
in the population in subsequent years and (iv) the average nestling mass at the age of 14 days. We 
examined the close breeding neighbourhood using the package “expp” (Valcu and Schlicht, 2013) in R 
(version 3.6.1; R Development Core Team 2019). The package uses Thiessen polygons to assign 
territories to breeding pairs (Valcu and Schlicht, 2013; for an empirical study using this package see 
Schlicht et al. 2015). In short, each point in the study area is assigned to the nearest breeding pair, 
thereby creating distinct territories. Based on this information, we defined the close breeding 
neighbourhood as all territories sharing the focal pair’s territory border (1st order) and those where 
one territory was in between (2nd order). We did not include higher-order neighbours, because most 
of the extra-pair young (86%) are sired by neighbouring males from the 1st and 2nd order.  
We used generalized linear mixed models (GLMMs) with a binomial error structure (logit-link 
function) for the models (i)-(iii) and a linear mixed model (LMM) for the analysis on average nestling 




explanatory variable whether the focal nest contained extra-pair young (yes/no) and the proportion 
of nests containing extra-pair young within the close neighbourhood (1st and 2nd order neighbours). 
For the model on local recruitment (iii) we further included the number of fledglings, the average 
nestling mass and the average nestling sex ratio as explanatory variables. For the model on average 
nestling mass (iv) we included the number of hatchlings as additional explanatory variable. As 
random effects we included year and the identity of the social female and the social male for models 
(i) and (ii), and year and nest identity for models (iii) and (iv).   
We also examined whether either the presence of extra-pair young in the nest or the proportion of 
neighbouring nests with extra-pair young are related to adult local survival. For females and males 
separately, we constructed GLMMs with a binomial error structure and a logit-link function including 
whether an adult was observed breeding in a subsequent year or not (yes/no) as dependent variable. 
As explanatory variables we included whether their brood contained extra-pair young (yes/no), the 
proportion of nests with extra-pair young in the close neighbourhood and the individual’s age. We 
included age as a continuous variable and excluded birds identified as adults when first caught, as we 
could not determine the real age of those individuals (final sample size: NFemales = 529, NMales = 457). 
Due to sample size limitations, we grouped all individuals older than 4 years into one category 
(females: 12 five-year olds, 6 six-year olds, 1 seven-year old and 1 eight-year old; males: 10 five-year 
olds, 3 six-year olds and 1 seven-year old). We used orthogonal polynomials (up to second degree) to 
take into account potential non-linear relationships between local survival and age. We then 
compared the full model with the model only including the linear term of the fixed effect age and 
selected the model with the lowest Akaike’s Information Criterion, AIC (Hurvich and Tsai 1989). As 
random effects, we included year and individual identity. For females, the full model had a lower AIC 
value (ΔAIC = 4.11) compared to the model that only included the linear age term, so we present the 
results of the model including both a linear and quadratic term for age. For males, ΔAIC < 1, so we 
only present models including the linear age term. Note that including or excluding the quadratic 
term for age did not qualitatively change the results. 
For all models, we also examined how much of the variance they explained. Following Nakagawa et 
al. (2017), we report the marginal R2-values (variance explained by the fixed effects) and the 
conditional R2-values (variance explained by fixed and random effects). In addition, we present for all 
results adjusted approximations of the P values using the “glht” function of the “multcomp” package 
(Hothorn et al. 2008).  
Given that the effects of a more cooperative neighbourhood might be stronger within the direct (1st 
order) neighbourhood, we repeated all analyses excluding the 2nd order neighbours. Further, to 




including only focal nests where all young were genotyped. However, the variables on the number of 
neighbouring nests with extra-pair young still included all nests, because neighbourhoods for which 
all nests were completely genotyped were rare. Lastly, we repeated all analyses excluding broods 
located at the edge of our study site as we might have underestimated the number of neighbours for 
those territories.   
 
Results 
Each year on average 43% of all nests contained extra-pair young (range 35-53%) and the proportion 
of nests with extra-pair young in the close breeding neighbourhood ranged from 0 to 0.83 (mean = 
0.42).  
Out of 1169 nests, 192 (16.4%) failed completely. The probability that a brood failed was 
independent of whether it contained extra-pair young but decreased with an increasing prevalence 
of extra-pair paternity in the neighbourhood (Table 1). The fixed effects explained less than 1% of the 
variation (marginal R2 < 0.01), whereas the random effects (i.e. year and female and male identity) 
explained more than 20% of the variation (conditional R2 = 0.22). When adjusting for multiple testing 
the effect was not statistically significant anymore (Table 1).  
Partial brood failure occurred in 409 of the remaining 977 nests (41.9 %). The presence of extra-pair 
young in the focal brood or the proportion of nests that contained extra-pair young in the 
neighbourhood did not predict fledging success (Fig. 1, Table 1, marginal R2 < 0.01). The random 
effects (i.e. year and female and male identity) explained about 37% of the variation (conditional R2 = 
0.37).  
The brood average mass of 14-day old nestlings ranged from 6.7 g to 12.5 g (mean = 10.3g, N = 977 
broods). Average nestling mass decreased with increasing brood size (Fig. S1, Table 1), but the 
presence of extra-pair young in the nest or the proportion of nests with extra-pair young in the 
neighbourhood did not influence average nestling mass (Fig. 1, Table 1). In total, the fixed effects 
explained 14% of the variation (marginal R2 = 0.14) and the random effects (i.e. year and nest 








Table 1. Results of generalized linear mixed-effect models (GLMM) and linear mixed-effect models 
(LMM) examining the effect of the presence of extra-pair young in a brood and the proportion of 
nests in the close neighbourhood (1st and 2nd order) containing extra-pair young on aspects of 
reproductive success.  




Intercept - 1.40 ± 0.40 - 3.47 <0.001 
 
 Proportion of nests with EPY  
 
- 1.38 ± 0.69 
 
- 1.99 0.047 0.09 
 EPY in focal nest 
(yes) 
- 0.06 ± 0.17 
 




Intercept 3.16 ± 0.31 10.30 <0.001  
 Proportion of nests with EPY  
 
- 0.61 ± 0.42 
 
- 1.46 0.15 0.27 
 EPY in focal nest 
(yes) 
0.01 ± 0.11 
 








11.93 ± 0.21 
 
55.84 <0.001  
 Proportion of nests with EPY  
 
0.12 ± 0.21 
 
0.60 0.55 0.91 
 EPY in focal nest 
(yes) 
- 0.06 ± 0.05 
 
- 1.08 0.28 0.63 
 Number of hatchlings - 0.18 ± 0.01 
 







Figure 1. Relationship between measures of brood success and the occurrence of extra-pair young 
(EPY). A,C,E: Yearly comparisons of measures of brood success for nests without EPY (less saturated 
colour) and with EPY (saturated colour). Colours represent the different years and the data from all 
years combined are shown in grey. A: The proportion of failed broods, i.e. clutches that produced no 
fledglings. C: Fledging success, i.e. the proportion of hatchlings that fledged, excluding broods that 
failed completely. Boxplots show the minimum values, lower quartile, median, upper quartile, 
maximum values and outliers. E: Mean nestling mass at day 14. Shown are boxplots. B,D,F: Predicted 
relationship between measures of brood success and the proportion of nests with EPY in the 
neighbourhood (1st + 2nd order; range = 0-0.83). Shown are the effects from generalized linear 
models (B,D) and linear models (F) for each year separately (represented in different colours) while 
keeping all other independent variables constant at their mean values. The overall effect from all 
years combined is shown as a black line and the 95% confidence intervals as grey ribbon. See main 
text for model details. 
 
Of the 8365 nestlings that fledged, 588 individuals (7%) from 384 nests were detected breeding in 
our study site in subsequent years. Nests with more and heavier fledglings were more likely to 
produce a local recruit (Fig. S2, S3, Table 2), but we found no effect of the presence of extra-pair 
young in the nest or of the proportion of nests with extra-pair young in the neighbourhood on the 
likelihood that a nest produced at least one local recruit (Fig. 2, Table 2). The fixed effects explained 
about 8% of the variation (marginal R2 = 0.08) and the random effects (i.e. year and nest identity) 




We recorded 529 females of which 206 (38.9%) bred again at least once and 457 males of which 221 
(48.4%) bred again at least once. In males, local survival did not depend on the presence of extra-pair 
young in the nest or in the neighbourhood or on individual age (Fig. 2, Table 2). In females, the 
probability to survive was independent of whether the own brood contained extra-pair young but 
increased with an increasing prevalence of extra-pair paternity in the close neighbourhood. The 
quadratic term for female age was negative and significant, indicating an initial increase in the 
likelihood to survive followed by a decrease (Table 2). However, when adjusting for multiple testing 
both effect were not statistically significant anymore (Table 2). In both models, the random effects 
explained about 4% of the variation (conditional R2: females = 0.04, males = 0.04, marginal R2: 
females = 1, males < 1). 
Repeating the analyses considering only nests within the direct neighbourhood (1st order), nests with 
completely genotyped clutches or excluding edge territories did not change the conclusions for the 
analyses on fledging success, average nestling mass, local recruitment and male survival (Tables S3-
S10). However, the effect of the proportion of nests with extra-pair young in the neighbourhood on 
the probability of brood failure was no longer present (Table S2, S4, S9). When only considering 
completely genotyped nests, females were more likely to survive when they had bred in a 
neighbourhood (1st and 2nd order) containing a higher proportion of nests with extra-pair young 
(Estimate ± SE: 2.07 ± 0.82, P = 0.01; Table S8) and the effect remained borderline significant when 
adjusting P values for multiple testing (Padjusted = 0.045; Table S8).  In all other models, this effect was 














Table 2. Results of generalized linear mixed-effect models examining the effect of the occurrence of 
extra-pair young in a brood and the proportion of neighbouring nests (1st and 2nd order) containing 
extra-pair young on the probability of survival of either fledglings or adults.  
Dependent variable Explanatory variable Estimate ± SE z P P adjusted 
Local recruitment* Intercept - 5.95 ± 1.34 - 4.45 <0.001 
 
 Proportion of nests with EPY  
 
 0.52 ± 0.59 
 
0.88 0.38 0.91 
 EPY in focal nest 
(yes) 
  0.06 ± 0.15 
 
 0.40 0.69 1.00 
 Number of fledglings  0.21 ± 0.04 
 
5.39 <0.001 <0.001 
 Mean nestling body mass 0.34 ± 0.09 
 
3.79 <0.001 <0.001 
 Brood sex ratio  0.08 ± 0.42 
 
- 0.19 0.98 1.00 





- 0.73 ± 0.30 
 
-2.46 0.01  
 Proportion of nests with EPY  
 
1.13 ± 0.57 
 
1.99 0.046 0.17 
 EPY in focal nest 
(yes) 
0.12 ± 0.14 
 
0.85 0.39 0.87 
 Age 0.13 ± 2.14 
 
0.06 0.95 0.99 
 Age2 -5.19 ± 2.13 
 
-2.44 0.02 0.06 





 0.46 ± 0.30 
 
1.53 0.13  
 
Proportion of nests with EPY  
 
-0.63 ± 0.56 
 
-1.12 0.26 0.60 
 
EPY in focal nest 
(yes) 
-0.14 ± 0.15 
 
-0.99 0.32 0.69 
 
Age -0.11 ± 0.08 
 
-1.43 0.15 0.39 







Figure 2. Relationship between fledgling and adult local survival and the occurrence of extra-pair 
young (EPY). A,C,E: Yearly comparisons of measures of local survival for nests without EPY (less 
saturated colour) and with EPY (saturated colour). Colours represent the different years and the data 
from all years combined are shown in grey. A: Yearly comparisons of the proportion of nests 
producing a local recruit and the occurrence of EPY. C,E: Yearly comparisons of adult local survival for 
females (C) and males (E). B,D,F: Predicted relationship between measures of local survival and the 
proportion of nests with EPY in the neighbourhood (1st + 2nd order; range = 0-0.83). Shown are the 
effects from generalized linear models for each year separately (represented in different colours) 
while keeping all other independent variables constant at their mean values. The overall effect from 
all years combined is shown as a black line and the 95% confidence intervals as grey ribbon. See main 
text for model details.    
 
Discussion 
Despite decades of research, the adaptive value of female extra-pair behaviour remains subject to 
ongoing debate. A recent theoretical model suggested that females may benefit from extra-pair 
copulations if this leads to a more cooperative neighbourhood (Eliassen and Jørgensen 2014). In this 
study, we examined whether reproductive success and parental survival are related to the 
occurrence of extra-pair young in the nest or in the neighbourhood. Analysing more than 1100 
breeding attempts across 12 years, we found little evidence that the likelihood of producing 
fledglings, the proportion of fledglings produced, or their body mass were related to the occurrence 




of the occurrence of extra-pair paternity on fledgling or male local survival, but females breeding in a 
neighbourhood with a high prevalence of extra-pair paternity seemed to be somewhat more likely to 
survive until the next breeding season.  
Previous work reported several ways in which females may receive direct benefits from extra-pair 
copulations. For instance, in red-winged blackbirds (Agelaius phoeniceus) males are more tolerant 
towards the females they copulated with (Gray 1997a) and in american crows and (anecdotally) in 
blue tits, males were reported to provide parental care at the nest where they sired extra-pair young 
(Kempenaers 1993; Townsend et al. 2010). Such direct benefits should lead to higher fitness of the 
extra-pair female’s brood. For example, female red-winged blackbirds that had extra-pair young 
hatched a greater proportion of eggs and fledged a greater proportion of young (Gray 1997b) and in 
blue tits complete brood failure was less common in nests with extra-pair young (Mennerat et al. 
2018). If extra-pair males redirect from care solely provided at their own nest towards neighborhood 
activities such as predator mobbing or higher vigilance, not only the extra-pair female’s offspring but 
nests located in such cooperative neighbourhood should do better in terms of survival. In our study, 
we found overall no support that nests containing extra-pair young or nests located in a 
neighbourhood with a higher proportion of extra-pair paternity had a higher fledging success, 
heavier offspring or were more likely to locally recruit (Fig.1, 2 Table 1, 2). Nests located in a 
neighbourhood with a lower proportion of nests containing extra-pair young were somewhat more 
likely to fail (Table 1). However, this effect disappeared when adjusting the P value for multiple 
testing (Table 1), when considering only the direct neighbours (Table S2) or when analysing a 
reduced dataset (i.e. only completely genotyped nests or excluding edge territories, Table S4, S9). 
Thus, we suggest that this result is likely a type I error.  
Extra-pair paternity can also increase adult survival if extra-pair males directly provide care to the 
extra-pair female’s brood (e.g. decreasing exhaustion of the social parents) or if extra-pair males 
engage in cooperative neighbourhood activities such as vigilance or anti-predator behaviour 
(decreasing predation risk). In the latter, both the focal parents and breeding pairs located in the 
close neighbourhood should benefit. We found no evidence that males breeding in a neighbourhood 
with a higher prevalence of extra-pair paternity or having extra-pair young in their own brood benefit 
in terms of increased survival (Table 2). In females, individuals located in a neighbourhood with a 
higher proportion of nests containing extra-pair young had an increased probability to locally survive 
(Table 2). The effect was absent when adjusting the P value for multiple testing (Table 2), when 
considering only the direct neighbours (Table S3) or when excluding edge territories (Table S10). But, 
the effect was present when analysing only completely genotyped nests, even after adjusting the P 




would interpret these findings with caution. If the results hold, they would suggest that females, but 
not males, survive better when breeding in a potentially more cooperative environment. This could 
occur, for instance, if a cooperative neighbourhood generally enhances survival, while the extra male 
investment in cooperative behaviour simultaneously reduces male survival.  
A limitation of our study (and of other studies that investigate direct benefits of extra-pair 
copulations) is that we used patterns of extra-pair paternity as a proxy for extra-pair copulations, 
even though the acquisition of direct benefits does not require to result in fertilizations. Extra-pair 
copulations do not necessarily result in extra-pair paternity, and an unknown number of nests is thus 
assigned as containing no extra-pair young even though the female engaged in extra-pair 
copulations. The extent to which extra-pair paternity in the brood reflects extra-pair behaviour of the 
female is still poorly understood. Hence, using study systems where all or most extra-pair copulations 
can be observed would improve our understanding of female extra-pair behaviour and may come to 
different conclusions about direct benefits. Further, we did not examine the behaviour of extra-pair 
males during the breeding season. Although blue tits fulfill many of the predictions of the theoretical 
model proposed by Eliassen and Jørgensen (2014), not much is known about their cooperative 
behaviour during breeding. Help during predator mobbing by an extra-pair male was observed 
anecdotally in blue tits (Kempenaers 1993), but such behaviour is probably rare.  
Taken together, our findings provide little evidence that breeding success and adult survival are 
related to either the presence of extra-pair young in the brood or to the proportion of nests with 
extra-pair young within the neighbourhood. Thus, we find little support that female extra-pair 
behaviour is driven by cooperative neighbourhood benefits. In blue tits, extra-pair copulations may 
provide genetic benefits (Foerster et al. 2003; but see Charmantier et al. 2004) or insurance against 
male infertility (Santema et al., provisional acceptance) rather than direct benefits. Alternatively, the 
entire population might be a “cooperative neighbourhood” and the small-scale variation in extra-pair 
paternity might not be relevant. Future studies examining extra-pair behaviour and interactions 
between extra-pair partners during breeding and comparable studies on other species or populations 
would be needed to assess the generality of our findings. 
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PCR cycling conditions 
Cycling conditions for mix 1: 5 min initial denaturation at 95˚C; 15 cycles of 30 s denaturation at 94˚C, 
90 s touch down annealing at 60˚C decreasing by 0.3°C per cycle, and 1 min extension at 72˚C; 11 
cycles of 30 s denaturation at 94˚C, 90 s annealing at 53˚C, and 1 min extension at 72˚C; followed by 
a 30 min completing final extension at 60˚C. Cycling conditions for mix 2: 5 min initial denaturation at 
95˚C; 27 cycles of 30 s denaturation at 94˚C, 90 s annealing at 56°C, and 1 min extension at 72˚C; 
followed by a 30 min completing final extension at 60˚C. Cycling conditions for mix 3: 5 min initial 
denaturation at 95˚C; 14 cycles of 30 s denaturation at 94˚C, 90 s annealing at 56°C, and 1 min 
extension at 72˚C; 11 cycles of 30 s denaturation at 94˚C, 90 s annealing at 57°C, and 1 min extension 
at 72˚C; followed by a 30 min completing final extension at 60˚C. Cycling conditions for mix 4: 5 min 
initial denaturation at 95˚C; 23 cycles of 30 s denaturation at 94˚C, 90 s annealing at 58°C, and 1 min 




Figure S1. The relationship between the number of young that hatched within a nest and the mean 
nestling weight (all other independent variables are kept constant at their mean values). The grey 







Figure S2. The predicted probability of a nest to produce at least one local recruit in relation to the 
number of fledged young (all other independent variables are kept constant at their mean values). 




Figure S3. The predicted probability of a nest to produce at least one local recruit in relation to the 
mean nestling weight (all other independent variables are kept constant at their mean values). The 








Additional tables   
 
Table S1. Microsatellite loci for blue tits. Primer sequences include information on fluorescence labels 
used. C refers to the primer concentration in multiplex primer mix. Size range and number of alleles 
refer to 2018 data (n=1696; Phtr3 from 2017, n=1905). 
Locus Accession no. Primer sequences (5’ - 3’) C (μM) Multiplex 
Mix 
Size range (bp) number of 
alleles 
ADCYAP1_bm FJ464427 VIC-GATGTGAGTAACCAGCCACT 
ATAACACAGGAGCGGTGA 
0,2 μM 2 160 - 172 10 
ClkpolyQ AY338423-28 6FAM-TTTTCTCAAGGTCAGCAGCTTGT 
CTGTAGGAACTGTTGYGGKTGCTG 
0,36 μM 4 266 - 283 7 
Mcµ4 U82388 PET-ATAAGATGACTAAGGTCTCTGGTG 
TAGCAATTGTCTATCATGGTTTG 
1,1 μM 2 156 - 194 19 
PAT MP 2-43 AM056063 6FAM- ACAGGTAGTCAGAAATGGAAAG 
GTATCCAGAGTCTTTGCTGATG 
0,24 μM 4 125 - 155 8 
Pca3 AJ279805 PET-GGTGTTTGTGAGCCGGGG 
TGTTACAACCAAAGCGGTCATTTG 
0,8 μM 1 154 - 234 43 
Pca4 AJ279806 NED-AATGTCTTACAGGCAAAGTCCCCA 
AACTTGAAGCTTCTGGCCTGAATG 
0,42 μM 4 149 - 201 18 
Pca7 AJ279809 6FAM-TGAGCATCGTAGCCCAGCAG 
GGTTCAGGACACCTGCACAATG 
0,25 μM 1 105 - 141 18 
Pca8 AJ279810 NED-ACTTCTGAAACAAAGATGAAATCA 
TGCCATCAGTGTCAAACCTG 
0,48 μM 1 255 - 401 73 
Pca9 AJ279811 VIC-ACCCACTGTCCAGAGCAGGG 
AGGACTGCAGCAGTTTGTGGG 
0,3 μM 3 111 - 135 13 
Phtr3 ¹ AM056070 NED-ATTTGCATCCAGTCTTCAGTAATT 
CTCAAAGAAGTGCATAGAGATTTCAT 
1,4 μM 2 ¹ 118 - 148 ¹ 16 ¹ 
PK11 AF041465 PET-CTTTAAGAATTCAAATACAGAGTAGG 
GTTTTCTCCTTTCTACACTGAGG 
0,54 μM 4 63 - 97 14 
PK12 AF041466 VIC-CCTCCTGCAGTTGCCTCCCG 
CGTGGCCATGTTTATAGCCTGGCACTAAGAAC 
1,14 μM 4 168 - 226 27 
PmaTAGAn71 ¹ AY260537 NED-TCAGCCTCCAAGGAAAACAG 
GCATAAGCAACACCATGCAG 
0,3 μM 2 ¹ 190 - 310 ¹ 29 ¹ 
POCC1 U59113 6FAM- TTCTGTGCTGCAATCACACA 
GCTTCCAGCACCACTTCAAT 
0,8 μM 3 219 - 255 25 
POCC6 U59117 VIC-TCACCCTCAAAAACACACACA 
ACTTCTCTCTGAAAAGGGGAGC 
0,25 μM 1 195 - 253 28 
P2/P8 AF006659-62 6FAM-CTCCCAAGGA TGAGRAAYTG  
TCTGCATCGC TAAATCCTTT 
0,3 μM 2 319, 383 2 













Table S2. Results of generalized linear mixed-effect models (GLMM) and linear mixed-effect models 
(LMM) examining the effect of the presence of extra-pair young in a brood and the proportion of 
nests in the direct neighbourhood (1st order) containing extra-pair young on aspects of reproductive 
success.  
Dependent variable Explanatory variable Estimate ± SE z P P adj. 
Brood failure 
(GLMM) 
Intercept - 1.69 ± 0.32 
 
- 5.24 <0.001 
 
 Proportion of nests with EPY  
 
- 0.71 ± 0.37 
 
- 1.90 0.06 0.11 
 EPY in focal nest 
(yes) 
- 0.06 ± 0.17 
 









 Proportion of nests with EPY  
 
- 0.28 ± 0.23 
 
- 1.20 0.23 0.41 
 EPY in focal nest 
(yes) 
0.02 ± 0.11 
 











 Proportion of nests with EPY  
 
- 0.03 ± 0.12 
 
- 0.27 0.79 0.99 
 EPY in focal nest 
(yes) 
- 0.06 ± 0.05 
 
- 1.13 0.26 0.59 



















Table S3. Results of the model examining the effect of the occurrence of extra-pair young in a brood 
and the proportion of neighbouring nests (in the 1st order neighbourhood) containing extra-pair 
young on the probability of survival of either fledglings or adults. Each model controls for other 
variables known to affect survival.  
Dependent variable Explanatory variable Estimate ± SE z P P adj. 
Local recruitment* Intercept 
- 6.01 ± 1.32 
 
- 4.55 <0.001  
 Proportion of nests with EPY  
 
 0.64 ± 0.33 
 
1.96 0.051 0.22 
 EPY in focal nest 
(yes) 
 -0.03 ± 0.16 
 
- 0.20 0.63 0.99 
 Number of fledglings  0.21 ± 0.04 
 
5.44 <0.001 <0.001 
 Mean nestling body mass 0.34 ± 0.09 
 
3.81 <0.001 <0.001 
 Brood sex ratio - 0.02 ± 0.41 
 
- 0.04 0.97 1.00 









 Proportion of nests with EPY  
 
0.33 ± 0.32 
 
1.03 0.30 0.77 
 EPY in focal nest 
(yes) 
0.12 ± 0.14 
 
0.82 0.41 0.88 
 Age 0.18 ± 2.14 
 
0.09 0.93 0.99 
 Age2 -5.11 ± 2.13 
 
-2.41 0.02 0.06 










Proportion of nests with EPY  
 
0.04 ± 0.32 
 
0.12 0.91 0.99 
 
EPY in focal nest 
(yes) 
-0.13 ± 0.14 
 
-0.92 0.36 0.74 
 
Age -0.11 ± 0.08 
 
-1.45 0.15 0.38 









Results when only considering data of nests with completely genotyped clutches 
 
Table S4. Results of the models examining the effect of extra-pair young and the proportion of nests 
with extra-pair young (once for the extended neighbourhood: 1st and 2nd order, and once for the 
direct neighbourhood: 1st order only) on complete brood failure containing only data of completely 
genotyped clutches (N=564 of which in 92 cases complete failure occurred). Shown are the estimates 
± the standard errors, the z and P values.  
 
Estimate ± SE z P P adj. 
Intercept - 1.44 ± 0.41 - 2.24 0.03 
 
Proportion of nests with EPY in the extended 
neighbourhood 
 
- 2.11 ± 1.23 
 
- 1.71 0.09 0.17 
EPY in focal nest? 
(yes) 
0.08 ± 0.30 
 
0.26 0.80 0.96 
Intercept 
 
- 1.94 ± 0.51 
 
- 3.82 <0.001  
Proportion of nests with EPY in the direct 
neighbourhood 
 
- 0.88 ± 0.66 
 
- 1.33 0.19 0.34 
EPY in focal nest? 
(yes) 
0.07 ± 0.30 
 
















Table S5. Results of the model examining the effect of EPY and the proportion of nests with EPY 
(once for the extended neighbourhood: 1st and 2nd order, and once for the direct neighbourhood: 1st 
order only) on the proportion of nestlings that fledged containing data of only completely genotyped 
clutches (N=477 of which in 73 partial brood failure occurred). Shown are the estimates ± the 
standard errors, the z and P values. 
 
Estimate ± SE z P P adj. 
Intercept 7.48 ± 0.88 8.47 <0.001 
 
Proportion of nests with EPY in the extended 
neighbourhood 
 
- 2.86 ± 1.48 
 
- 1.93 0.054 0.11 
EPY in focal nest? 
(yes) 
- 0.32 ± 0.41 
 
- 0.78 0.43 0.68 
Intercept 
 




Proportion of nests with EPY in the direct 
neighbourhood 
 
- 0.53 ± 0.86 
 
- 0.61 0.54 0.79 
EPY in focal nest? 
(yes) 
- 0.30 ± 0.42 
 

















Table S6. Results of the model examining the effect of the occurrence of extra-pair young in a brood, 
the proportion of neighbouring nests containing extra-pair young (once for the extended 
neighbourhood: 1st and 2nd order, and once for the direct neighbourhood: 1st order only), the number 
of young that fledged and the average body mass (at day 14) on the likelihood of a nest to produce at 
least one local recruit, containing data of only completely genotyped clutches (N=499 nests of which 
207 produced at least one local recruit). Shown are the estimates ± the standard errors, the z and P 
values. 
 
Estimate ± SE z P P adj. 
Intercept - 6.19 ± 2.11 - 3.07 0.002 
 
Proportion of nests with EPY in the extended neighbourhood 
 
 - 0.01 ± 0.81 
 
- 0.01 0.99 1.00 
EPY in focal nest? 
(yes) 
  0.12 ± 0.21 
 
0.57 0.57 0.99 
Number of fledglings  0.15 ± 0.06 
 
2.43 0.02 0.07 
Mean nestling body mass 0.33 ± 0.14 
 
2.38 0.02 0.08 
Sex ratio 0.88 ± 0.59 
 
1.50 0.13 0.50 
Intercept 
 
- 6.60 ± 2.08 
 
- 3.17 0.002 
 
Proportion of nests with EPY in the direct neighbourhood 
 
 0.22 ± 0.45 
 
0.50 0.62 0.99 
EPY in focal nest? 
(yes) 
0.12 ± 0.21 
 
0.59 0.56 0.98 
Number of fledglings  0.14 ± 0.06 
 
2.43 0.02 0.07 
Mean nestling body mass 0.33 ± 0.14 
 
2.40 0.02 0.08 
Sex ratio 0.87 ± 0.59 
 











Table S7. Results of the model examining the effect of the occurrence of extra-pair young in a brood 
and the proportion of neighbouring nests containing extra-pair young (once for the extended 
neighbourhood: 1st and 2nd order, and once for the direct neighbourhood: 1st order only) on mean 
nestling body mass, only containing data of completely genotyped clutches (N=499 nests). Shown are 
the estimates ± the standard errors, the t and P values. 
 









Proportion of nests with EPY in the extended neighbourhood 
 
- 0.31 ± 0.26 
 
- 1.19 0.23 0.55 
EPY in focal nest? 
(yes) 
- 0.10 ± 0.07 
 
- 1.47 0.14 0.37 
Number of hatchlings - 0.19 ± 0.02 
 









Proportion of nests with EPY in the direct neighbourhood 
 
- 0.15 ± 0.14 
 
- 1.02 0.31 0.67 
EPY in focal nest? 
(yes) 
- 0.10 ± 0.07 
 
- 1.48 0.14 0.36 

















Table S8. Results of the model examining the effect of the occurrence of extra-pair young in a brood 
and the proportion of neighbouring nests containing extra-pair young (once for the extended 
neighbourhood: 1st and 2nd order, and once for the direct neighbourhood: 1st order only) on the 
probability of adult survival, containing only data of completely genotyped clutches. Shown are the 








z P P adj 
Estimate 
± SE 





















2.53 0.01 0.045 -0.55 ± 
0.80 
 
-0.69 0.49 0.87 






-0.39 0.70 0.99 -0.22 ± 
0.21 
 
-1.07 0.29 0.63 
Age 1.11 ± 
2.15 
 
0.52 0.61 0.98 -0.12 ± 
0.13 
 
-0.89 0.37 0.75 
Age2 -3.29 ± 
2.15 
 





















1.64 0.10 0.34  0.28 ± 
0.45 
 
0.62 0.54 0.90 






-0.27 0.79 1.00 -0.21 ± 
0.18 
 
-1.16 0.25 0.57 
Age 1.03 ± 
2.48 
 
0.41 0.68 0.99 -0.07 ± 
0.10 
 
-0.72 0.47 0.85 
Age2 -3.05 ± 
2.15 
 








Results when removing edge territories. Note that we here only examined the direct 
neighbourhood. 
 
Table S9. Results of generalized linear mixed-effect models (GLMM) and linear mixed-effect models 
(LMM) examining the effect of the presence of extra-pair young in a brood and the proportion of 
nests containing extra-pair young in the direct neighbourhood (1st order) on aspects of reproductive 
success.  





- 1.56 ± 0.36 
 
- 4.32 <0.001 
 
 Proportion of nests with EPY  
 
- 0.91 ± 0.53 
 
- 1.73 0.08 0.16 
 EPY in focal nest 
(yes) 
- 0.05 ± 0.21 
 









 Proportion of nests with EPY  
 
- 0.34 ± 0.33 
 
- 1.03 0.30 0.51 
 EPY in focal nest 
(yes) 
- 0.08 ± 0.14 
 











 Proportion of nests with EPY  
 
- 0.02 ± 0.16 
 
- 0.12 0.90 1.00 
 EPY in focal nest 
(yes) 
- 0.08 ± 0.07 
 
- 1.22 0.22 0.53 











Table S10. Results of the model examining the effect of the occurrence of extra-pair young in a brood 
and the proportion of neighbouring nests (in the 1st order neighbourhood) containing extra-pair 
young on the probability of survival of either fledglings or adults. Each model controls for other 
variables known to affect survival.  
 
Dependent variable Explanatory variable Estimate ± SE z P P adj. 
Local recruitment* Intercept 
 
- 8.42 ± 1.81 
 
- 4.65 <0.001 
 
 Proportion of nests with EPY  
 
 0.83 ± 0.48 
 
1.73 0.08 0.35 
 EPY in focal nest 
(yes) 
 0.15 ± 0.19 
 
0.78 0.44 0.94 
 Number of fledglings  0.26 ± 0.05 
 
4.88 <0.001 <0.001 
 Mean nestling body mass 0.46 ± 0.12 
 
3.84 <0.001 <0.001 
 Brood sex ratio 0.36 ± 0.53 
 
0.68 0.49 0.97 









 Proportion of nests with EPY  
 
0.80 ± 0.48 
 
1.66 0.10 0.34 
 EPY in focal nest 
(yes) 
0.06 ± 0.19 
 
0.32 0.75 1.00 
 Age -0.91 ± 2.98 
 
-0.31 0.76 1.00 
 Age2 -2.30 ± 2.20 
 
-1.05 0.30 0.75 










Proportion of nests with EPY  
 
0.33 ± 0.46 
 
0.62 0.54 0.90 
 
EPY in focal nest 
(yes) 
-0.21 ± 0.18 
 
-1.16 0.25 0.57 
 
Age -0.07 ± 0.10 
 
-0.72 0.47 0.85 






























Social structure and extra-pair paternity    
In 2018, Maldonado‐Chaparro and colleagues highlighted in their review how linking the fine-scale 
social environment to mating decisions can create interesting new insights for the study of extra-pair 
paternity. Their work provided an excellent base for this PhD thesis in which we explored the link 
between social environment and extra-pair paternity. We investigated 1) whether the relationship 
strength between females and males prior to breeding predicts their likelihood to become extra-pair 
partners, 2) whether the prior direct and indirect social environment of individuals influence future 
pairing success, 3) whether changes in the individual-specific social breeding environment explain 
within-individual changes in extra-pair paternity, and lastly 4) whether extra-pair paternity increases 
the fitness of whole nests.   
 
Main findings  
In this work, we studied patterns of extra-pair paternity in a model species, the blue tit. We explored 
the unique social environment that each individual experiences across two different contexts (prior 
and during breeding) from three different social perspectives, i.e. the dyadic relationship (Chapter 1), 
the direct social environment (Chapter 2, 3, 4) and the indirect social environment (Chapter 2).  
During the winter 2017/18, we examined the fine-scale social environment of blue tits by quantifying 
their foraging associations at bird feeders. In Chapter 1, we show that females and males with 
stronger social relationships (i.e. that foraged more often together) were more likely to become i) 
social partners, ii) close breeding neighbours and iii) extra-pair partners in the subsequent breeding 
season (Figure 1, 2; Table 1). Furthermore, we examined temporal aspects of the associations of 
social and extra-pair partners and show that their relationship strengths increased towards the 
breeding season (Figure S3).  
Using the same dataset on the foraging associations in winter, we quantified the direct and indirect 
social environment of each individual (Chapter 2) and show that males that moved more often 
between different social groups were more likely to breed in the subsequent breeding season (Figure 




females in winter had a higher proportion of familiar females in their breeding neighbourhood (Table 
S4) and were more likely to sire extra-pair young (Figure 1, 3; Table 2).  
In Chapter 3, we investigated the within-individual variation of extra-pair paternity in females and 
males using eleven years of paternity data. We show that extra-pair paternity is to some extent a 
repeatable trait in females and males (Table 2). Within-individual changes in the direct social 
breeding environment (quantified based on the spatial proximity of birds) did not explain changes in 
extra-pair paternity in females (Figure 2; Table 5). In adult males, however, a decrease in the average 
body size of male neighbours was linked to an increased extra-pair siring success (Figure 1; Table 4).   
Finally, in Chapter 4 we tested predictions of a framework proposed by Eliassen and Jørgensen in 
2014. Analysing twelve years of data from more than 1100 breeding attempts, we found no evidence 
that nests containing extra-pair young or nests simply located in breeding neighbourhoods with a 
higher prevalence of extra-pair paternity do have higher breeding success and increased male 
survival (Figure 1, 2; Table 1, 2). However, females breeding in a neighbourhood with more extra-pair 
paternity seemed to be more likely to survive (Table 2).  
 
Implications 
The pre-breeding social environment and extra-pair paternity 
Most studies on extra-pair paternity investigated aspects of the current breeding environment (Dunn 
et al. 1994; Komdeur 2001; Thusius et al. 2001; Schlicht et al. 2015a), neglecting that individuals 
often interact long before the actual reproduction. Using social network analysis, we demonstrate 
that different levels of the pre-breeding social environment (i.e. dyadic relationships, the direct and 
indirect social environment) can impact (extra-pair) mating outcomes of blue tits in the subsequent 
breeding season (Chapter 1, 2).  
When and how different relationship types get established are long standing questions in 
behavioural ecology. More and more research shows that social pair bonds form long before the 
actual reproductive event and that the prior social relationships between females and males can 
predict future social partners (Rodway 2007; Psorakis et al. 2012; Teitelbaum et al. 2017), the 
breeding spatial structure (Firth and Sheldon 2016) and potentially divorce (Culina et al. 2015; 
Gilsenan et al. 2017). Our work corroborates these findings and extends it with new knowledge on 




relationship strength to potential mates but an individual’s overal social position prior to breeding 
can influence its future mating success (Chapter 2).  
Our findings raise the question how social aspects during winter translate into the observed mating 
patterns. We speculate that familiarity between close breeding neighbours may be the mechanism 
driving the results on extra-pair paternity in Chapter 1 and 2. For instance, familiar individuals may 
visit each other’s territories more often during the breeding season which can increase opportunities 
for extra-pair copulations. However, it remains to be tested whether the observed patterns in 
Chapter 1 and 2 emerge from an active extra-pair mate choice (i.e. preferences for familiar 
individuals) or whether extra-pair copulations are indirectly facilitated due to decreased aggression 
between neighbours. Data on the fine-scale associations after breeding settlement and particularly 
during the fertile period of the female (Schlicht et al. 2015b) could shed light on whether familiarity 
from the winter drives for instance extra-territorial visits.  
Social networks often represent a static snapshot of the social life of animals. However, the social 
environment is highly dynamic changing over time (Farine 2018). Here, we created social networks 
separately for each month and then examined potential temporal differences in the effect of winter 
associations on future mating patterns (Chapter 1). We show that the association patterns of future 
social and extra-pair partners increased towards the breeding season (Chapter 1, Figure S3, S4). For 
extra-pair partners, the effect of the social associations was strongest shortly before breeding, 
whereas the effect on social pairs was clear throughout the winter (Chapter 1, Figure S3, S4). Further, 
in males the social factors that predicted success in acquiring a breeding partner and extra-pair 
partner(s) differed (Chapter 2, Figure 1, Table 1, 2). These findings provide new insights into the 
dynamics of pair formation and suggest that social pairs may get established earlier than extra-pair 
partners (Chapter 1) and that the formation of the two different relationship types may follow 
different mechanisms (Chapter 2).  
The social structure during winter and its effect on extra-pair paternity may simply emerge from the 
preceding breeding social structure. However, we show that patterns of extra-pair paternity were 
not solely influenced by the previous breeding social structure (Chapter 1) and by between-year 
changes in the local, social breeding environment (Chapter 3) but also by the winter social structure 
itself (Chapter 1, 2). This makes sense for short lived species such as the blue tit as they may only 
reproduce once in their life and populations experience high turnover rates from one breeding 
season to the next. Thus, only few individuals will experience multiple breeding seasons whereas 
every individual necessarily experiences a non-breeding season. Taken together, our work highlights 
the importance of the pre-breeding social environment in predicting future mating patterns and the 




Extra-pair paternity: individual-specific or environment-dependent trait? 
Variation in extra-pair paternity was often linked to individual phenotypic traits (Sundberg and Dixon 
1996; Yezerinac and Weatherhead 1997; Cleasby and Nakagawa 2012; Knief et al. 2017) or aspects of 
the (social) breeding environment such as the breeding synchrony and density (Dunn et al. 1994; 
Westneat and Sherman 1997; Thusius et al. 2001; Schlicht et al. 2015a). Teasing apart the 
contribution of intrinsic, individual-specific traits from environmental conditions is important for our 
understanding of the variation in extra-pair paternity and consequently the potential for sexual 
selection to act on phenotypes. Here, we found low, but significant repeatability of extra-pair 
paternity patterns in female and male blue tits (Chapter 3, Table 2). This suggests that extra-pair 
paternity is to some extent an individual-specific trait (Chapter 3). This can be the case if there is 
individual differences in the tendency to engage in extra-pair copulations (Forstmeier 2007), 
individual differences in the frequency of within-pair copulations, or if specific individual 
characteristics increase the probability to successfully gain extra-pair paternity (Yezerinac and 
Weatherhead 1997; Schlicht et al. 2015a; Chapter 2) or to successfully defend paternity. However, as 
the observed repeatabilities were low, extra-pair paternity may not cause strong sexual selection 
(Schlicht and Kempenaers 2013; Chapter 3).   
Between-year changes in the local breeding environment did explain little of the within-individual 
changes in extra-pair paternity (Chapter 3). Extra-pair paternity inherently involves multiple 
individuals and likely depends on a whole array of behavioural events and physiological processes. 
Thus, extra-pair paternity may depend more strongly on recent interactions between individuals (see 
Chapter 1) and/or opportunities to copulate without disturbance rather than on events from the 
previous breeding season or individual traits. Furthermore, the exact timing of within- and extra-pair 
copulations in relation to the fertile period of the female and the amount of sperm transferred 
(Girndt et al. 2019) potentially play an important role in predicting patterns of extra-pair paternity. 
Thus, we speculate that extra-pair paternity may be in general a less predictable trait that depends, 
at least to some extent, on “chance events”.  
One limitation of our studies is that we only investigated the occurrence of extra-pair paternity and 
not extra-pair behaviour or copulations itself. Individual extra-pair behaviour may be a highly 
repeatable and heritable trait whereas the occurrence of extra-pair paternity depends on several 
incidents in between, such as opportunities to copulate without disturbance and post-copulatory 
mechanisms. Also aspects of the social environment likely influence the expression of extra-pair 




post-copulatory processes. Thus, more research on the expression of extra-pair behaviour and/or 
copulations rather than the resulting extra-pair paternity could provide important new insights.  
Fitness benefits through extra-pair paternity?  
In some bird species, extra-pair males were reported to provide direct benefits to the extra-pair 
female(s) they copulated with. For instance, males may provide additional parental care 
(Kempenaers 1993; Townsend et al. 2010), help with predator mobbing (Kempenaers 1993), or 
become more tolerant towards the extra-pair female(s) (Gray 1997b). Consequently, extra-pair 
copulations may lead to fitness benefits (Gray 1997a), which is suggested to be one of the reasons 
why females actively engage in extra-pair copulations. Eliassen and Jørgensen (2014) proposed that 
extra-pair copulations, and the emerging paternity uncertainty among males, incentivizes males to 
cooperate towards public goods, resulting in “nicer” breeding environments. In our study, we did not 
measure cooperative behaviour directly but tested one of their key predictions, namely that extra-
pair copulations should lead to increased fitness of whole nests (Chapter 4). Females breeding in 
neighbourhoods with a higher prevalence of extra-pair paternity had a somewhat increased survival 
(Chapter 4). However, breeding success and male survival were not related to either the presence of 
extra-pair young in the brood or to the proportion of nests with extra-pair young within the 
neighbourhood (Chapter 4). Thus, our findings provide little evidence for the “cooperative 
neighbourhood hypothesis” and the occurrence of direct benefits. In blue tits, extra-pair copulations 
may rather provide indirect, genetic benefits (Foerster et al. 2003; but see Charmantier et al. 2004) 
or insurance against male infertility (Santema et al. 2020). However, extra-pair copulations may lead 
to fitness benefits of whole nests in other species. Data on the social interactions between extra-pair 
partners after the copulation (such as during the provisioning phase of the young) would be a 
valuable addition to explore this topic in more detail.  
 
Outlook 
Research exploring the link between the fine-scale social environment and extra-pair mating 
decisions is still in its infancy, awaiting further exploration. There are several interesting aspects and 
hypotheses that remain to be explored and our work provides an ideal base for future studies. We 






Experimental manipulation of the social environment 
The presented links between the social environment and extra-pair paternity in blue tits are solely 
correlational. In order to create ultimate links, experimental manipulations are needed. While some 
studies experimentally explored effects on social structure by removing or adding individuals (Croft 
et al. 2008; Jacoby et al. 2010), manipulating social relationships between individuals is a major 
challenge, particularly in the wild. However, new technologies such as selective bird feeders 
constitute promising tools (Firth et al. 2015; Firth et al. 2016). Here, only specific individuals are 
granted access (i.e. can forage together at the same location) which allows to create differences in 
the composition of the local social environment (e.g. varying population size, stability or phenotypic 
composition) and even allows to split specific relationship types such as breeding pairs. Such 
experimental approaches could provide exciting new insights into the link between social features 
and the expression of mating patterns.   
Advances in data collection 
We quantified the social environment during winter based on foraging associations and the social 
environment during breeding based on the spatial proximity of breeding pairs. Both only represent a 
vague picture of the social environment that individuals experience. For instance, birds will also 
associate during other contexts than foraging that may even have a more predictive power of future 
mating patterns. In addition, social associations or the spatial proximity do not provide information 
on the social interactions between individuals (i.e. whether they are affiliative or agonistic). Future 
research using more fine-scale tracking (Alarcón‐Nieto et al. 2018; Ripperger et al. 2020) during 
various contexts or continuously, and information on the value and direction of interactions, could 
provide better evidence for the link between social environment and variation in extra-pair paternity.   
Interacting phenotypes and social selection  
Extra-pair behaviour is a social trait that is always expressed in interaction with other individuals. 
Thus, the expression of extra-pair behaviour of a focal individual may not only be influenced by its 
own phenotype but by the phenotype(s) of its social associate(s) (i.e. “interacting phenotypes”; 
Moore et al. 1997; Wilson et al. 2011). For instance, a highly promiscuous male may influence the 
expressed extra-pair behaviour of his social female. This could be the case if increased extra-pair 
behaviour in the male coincides with less effort in mate-guarding or other pair-bond related 
behaviours that can lead to increased extra-pair behaviour in the female. In such a case, extra-pair 
behaviour could spread among individuals, potentially leading to changes in the overall expressed 
mating system. Research examining such links may provide exciting new insights into the causes of 




In species that exhibit social behaviour, selection can be mediated by the interaction between a focal 
individual’s phenotype and the phenotypes of its associates, known as social selection (West-
Eberhard 1979; Wolf et al. 1999; McGlothlin et al. 2010). In blue tits, several male attributes have 
been linked to extra-pair siring success (Delhey and Kempenaers 2006; Poesel et al. 2006; Schlicht et 
al. 2015a). For instance, larger males are more successful in siring extra-pair young (Kempenaers et 
al. 1997; Schlicht et al. 2015a). However, this success may depend on the average body size of male 
conspecifics the focal male interacts with or on the body size of the extra-pair female’s social 
partner. Thus, the relative fit of individuals to their social environment may create variation in extra-
pair siring success and alter selection pressure. Research on sexual selection and extra-pair paternity 




The presented thesis is of essential interest to behavioural ecologists working on mating behaviour 
and animal sociality. We present that the social environment that individuals experience prior to 
breeding is an important determinant of future (extra-pair) mating patterns. In addition, we reveal 
that measures of extra-pair paternity show low repeatability and that changes in the breeding 
environment explained only little of the changes in extra-pair paternity. As extra-pair paternity 
always involves multiple individuals and emerges from a whole series of behavioural and 
physiological events, we suggest that extra-pair paternity is a trait that remains difficult to predict. 
Lastly, we show that the prevalence of extra-pair paternity in breeding neighbourhoods is unlikely to 
affect the fitness of whole nests. Our research on extra-pair paternity in blue tits will hopefully 
encourage further research to improve our understanding of the link between the unique social 
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